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Abstract: Hydrogen cyanide (HCN) and formaldehyde (H2CO) are key precursors to
biomolecules such as nucleobases and amino acids in planetary atmospheres; However, many re-
actions which produce and destroy these species in atmospheres containing CO2 and H2O are still
missing from the literature. We use a quantum chemistry approach to find these missing reac-
tions and calculate their rate coefficients using canonical variational transition state theory and
Rice–Ramsperger–Kassel–Marcus/master equation theory at the BHandHLYP/aug-cc-pVDZ level
of theory. We calculate the rate coefficients for 126 total reactions, and validate our calculations by
comparing with experimental data in the 39% of available cases. Our calculated rate coefficients are
most frequently within an factor of 2 of experimental values, and generally always within an order
of magnitude of these values. We discover 45 previously unknown reactions, and identify 6 from this
list that are most likely to dominate H2CO and HCN production and destruction in planetary atmo-
spheres. We highlight 1O + CH3 −−→ H2CO + H as a new key source, and H2CO + 1O −−→ HCO +
OH as a new key sink, for H2CO in upper planetary atmospheres. In this effort, we develop an
oxygen extension to our consistent reduced atmospheric hybrid chemical network (CRAHCN-O),
building off our previously developed network for HCN production in N2-, CH4- and H2-dominated
atmospheres (CRAHCN). This extension can be used to simulate both HCN and H2CO production
in atmospheres dominated by any of CO2, N2, H2O, CH4, and H2.
INTRODUCTION
Hydrogen cyanide (HCN) and formaldehyde (H2CO)
are key precursors to various biomolecules required for
the origin of life. The four nucleobases in RNA, i.e.,
adenine, guanine, cytosine and uracil, form in aqueous
solutions containing one or both of these reactants1–3.
Ribose, which pairs with phosphate to make up the
backbone of RNA, forms from the oligomerization of
H2CO
4,5. Amino acids form via Strecker synthesis, which
includes both HCN and an aldehyde (H2CO for glycine)
as reactants6,7.
Given their substantial role in producing biomolecules,
HCN and H2CO may be distinguishing atmospheric fea-
tures of what we call biogenic worlds. These are worlds
capable of producing key biomolecules rather than requir-
ing they be delivered (e.g., by meteorites). It is presently
unknown whether the early Earth was biogenic.
The redox state of the oldest minerals on the planet
suggests the early Earth atmosphere was composed of
“weakly reducing” gases, i.e., CO2, N2, and H2O, with
relatively smaller amounts of CH4, CO, and H2
8,9. These
atmospheric species are broken up into reactive radicals
by UV radiation, lightning, and/or galactic cosmic rays
(GCRs), which allows disequilibrium chemistry and the
production of HCN and H2CO to occur
8,10. The follow-
∗ Corresponding author:pearcbe@mcmaster.ca
ing pathways are possible from the dissociation of these
“weakly reducing” species11–15:
CO2 + hν −−→ CO + 3O (1)
−−→ CO + 1O (2)
N2 + hν −−→ 4N + 2N (3)
CH4 + hν −−→ CH3 + H (4)
−−→ 3CH2 + 2 H (5)
−−→ 1CH2 + H2 (6)
−−→ CH + H2 + H (7)
H2O + hν −−→ OH + H (8)
H2 + hν −−→ 2 H (9)
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2where the superscripts, 1, 2, 3, and 4 refer to the singlet,
doublet, triplet and quartet electronic spin states.
One way to better understand the biogenicity of the
early Earth, is to use chemical kinetic models to simu-
late the production of HCN and H2CO in plausible early
Earth atmospheres. Atmospheric simulations of these
species for primitive Earth conditions have been per-
formed in the past10,16,17, which make use of collections
of reaction rate coefficients typically gathered from var-
ious sources the literature (e.g. experiment, theoretical
simulations, thermodynamics, similar reactions).
The literature, however, is still missing several reac-
tions between the radicals produced in CO2-, N2-, H2O-,
CH4-, and H2-dominated atmospheres, and these reac-
tions may be crucial to understanding HCN and H2CO
chemistry in early Earth and other terrestrial environ-
ments. The largest gap in rate coefficient data is for re-
actions involving electronically excited species, e.g. 1O,
2N, and 1CH2, which are directly produced from the dis-
sociation of CO2, N2, and CH4, respectively.
In Pearce et al. [18] and Pearce et al. [19], we de-
veloped an accurate and feasible method making use
of computational quantum chemistry coupled with
canonical variational transition state theory (CVT)20
and Rice–Ramsperger–Kassel–Marcus/master equation
(RRKM/ME) theory21 to calculate a large network of
reaction rate coefficients for one-, two- and three-body
reactions. We first used this method to explore the en-
tire field of possible reactions for a list of primary species
in N2-, CH4-, and H2-dominated atmospheres, and un-
covered 48 previously unknown reactions; many of which
were based on excited species such as 2N and 1CH2. We
then built an initial reduced network of 104 reactions
based on this exploratory study, and used it to simulate
HCN production in Titan’s atmosphere18. This approach
provided us with a more complete picture of HCN chem-
istry on Titan, as one of our newly discovered reactions
was found to be one of the four dominant channels to
HCN production on Titan18.
In this work, we use the same theoretical approach
to expand upon our initial network, by exploring and
calculating all the potential reactions between three key
oxygen species present on the early Earth (CO2, H2O,
H2CO), their dissociation radicals (CO,
3O, 1O, OH, and
HCO), and all the non-oxygen primary species in our
network (see Table 1 for the list of primary species). In
this effort, we discover 45 brand new reactions, which are
mainly based on HCO, H2CN,
1O, 2N, 1CH2, and CH.
We calculate the rate coefficients for a total of 126 reac-
tions, and validate our calculations by comparing with
experimental data in the 39% of available cases.
Finally, we build the consistent reduced atmo-
spheric hybrid chemical network oxygen extension
(CRAHCN-O), composed of experimental rate coeffi-
cients when available, and our calculated values other-
wise. CRAHCN-O is the amalgamation of the network
developed in Pearce et al. [18], and the oxygen reactions
explored in this work. This network can be used to ac-
curately simulate HCN and H2CO production in CO2-,
N2-, H2O-, CH4-, and H2-dominated atmospheres.
The paper is outlined as follows: In the Methods sec-
tion, we detail the theoretical and computational ap-
proach we use to explore reactions and calculate their
rate coefficients. In the Results section, we describe the
results of our rate coefficient calculations, including their
agreement with any available experiments. We also dis-
cuss the limitations of our theoretical approach. In the
Discussion section, we highlight 6 new reactions from this
work which are potentially key production and destruc-
tion pathways to H2CO and HCN in planetary atmo-
spheres. We also summarize CRAHCN-O and describe
how it can be used for other atmospheric models. Finally,
in the Conclusions section, we summarize the main con-
clusions from this work.
The Supporting Information (SI) contains two tables
summarizing the new CRAHCN-O rate coefficient data
(the non-oxygen reaction data can be found in Pearce
et al. [18]), any experimental rate coefficient data for reac-
tions calculated in this work, the Lennard-Jones parame-
ters used for three-body reaction rate coefficient calcula-
tions, a breakdown of some of the non-standard reaction
calculations, and the quantum chemistry data used in
our calculations.
METHODS
There are four phases to this work: First we explore
all the potential reactions between eight oxygen species
(CO2, CO,
3O, 1O, H2O, OH, H2CO, and HCO) and
the primary species in Table 1. These species are the
the dominant sources of oxygen in the early Earth at-
mosphere (CO2 and H2O), a key biomolecule precursor
(H2CO) and their dissociation radicals. In this process,
we characterize 81 known reactions and discover 45 pre-
viously unknown reactions. Second, we calculate the rate
coefficients for every reaction that we find at 298 K, and
validate the calculations by comparing to experimental
data when available (in 39% of cases). Third, we calcu-
late the temperature dependencies for the reactions that
have no experimental measurements and have barriers
(i.e. strong temperature dependencies from 50–400 K).
Last, we gather the experimental and theoretical rate
coefficients into the consistent reduced atmospheric hy-
brid chemical network oxygen extension (CRAHCN-O),
which contains experimental values when available, and
our calculated rate coefficients otherwise.
3TABLE 1. List of primary molecular species involved in this study and their spin states. Reactions strictly between non-oxygen
species (below center line) were explored in Pearce et al. [18] and Pearce et al. [19]. Reactions involving the oxygen species (above
center line) are new to this study.
Species Spin state Ground/Excited state
CO2 singlet ground
H2CO singlet ground
HCO doublet ground
CO singlet ground
H2O singlet ground
OH doublet ground
3O triplet ground
1O singlet excited
H2CN doublet ground
HCN singlet ground
CN doublet ground
N2 singlet ground
NH triplet ground
2N doublet excited
4N quartet ground
CH4 singlet ground
CH3 doublet ground
1CH2 singlet excited
3CH2 triplet ground
CH doublet ground
H2 singlet ground
H doublet ground
Computational Quantum Method and Basis Set
All exploration and rate coefficient calculations are
performed with the Becke-Half-and-Half-Lee-Yang-Parr1
(BHandHLYP) density functional and the augmented
correlation-consistent polarized valence double-ζ (aug-cc-
pVDZ) basis set22–26.
We have four key reasons for choosing this level of the-
ory to perform our calculations:
1) We have benchmarked BHandHLYP/aug-cc-pVDZ
rate coefficient calculations by comparing with experi-
mental values in the past, and this method most fre-
quently provides the best accuracy with respect to agree-
ment with experimental values in comparison with other
widely used, computationally cost effective methods.
In Pearce et al. [18], we compared the accuracy of 3
methods for calculating 12 reaction rate coefficients. We
found BHandHLYP/aug-cc-pVDZ rate coefficient calcu-
lations give the best, or equal to the best agreement with
experiment in 8 out of 12 cases. This is compared to
ωB97XD/aug-cc-pVDZ and CCSD/aug-cc-pVTZ, which
gave the best, or equal to the best agreement with exper-
iment in 7 out of 12 and 6 out of 12 cases, respectively18.
1This hybrid functional uses 50% Hartree-Fock (HF) and 50% den-
sity functional theory (DFT) for the exchange energy calculation,
offering a compromise between HF, which tends to overestimate
energy barriers, and DFT, which tends to underestimate energy
barriers.
In another method-comparison study on a single reac-
tion between BHandHLYP, CCSD, CAM-B3LYP, M06-
2x, B3LYP and HF, all with the aug-cc-pVDZ basis set,
we found that only BHandHLYP and CAM-B3LYP pro-
vide rate coefficients within the experimental range19.
2) BHandHLYP/aug-cc-pVDZ calculations paired
with CVT and RRKM/ME theory typically compute rate
coefficients within a factor of two of experimental val-
ues, and all calculations generally fall within an order of
magnitude of experimental values. This accuracy is con-
sistent with typical uncertainties assigned in large-scale
experimental data evaluations27,28.
For examples in our network, Baulch et al. [27] assign
uncertainties of 2–3 to HCO + HCO −−→ H2CO + CO
and 3O + CH −−→ CO + H and order-of-magnitude un-
certainties to CO2 + CH −−→ products, H2O + CH −−→
products, and H2CO + CH −−→ products.
3) BHandHLYP/aug-cc-pVDZ calculations are compu-
tationally cost effective, and therefore feasible for a large
scale exploratory study such as ours.
We have also shown in previous work for 12 rate coef-
ficients, that increasing the basis set to the more compu-
tationally expensive aug-cc-pVTZ level does not increase
the accuracy of our calculations with respect to agree-
ment with experimental values18.
4) Finally, using the BHandHLYP/aug-cc-pVDZ level
of theory for all the calculations in this oxygen extension
allows us to maintain consistency with the calculations
in the original network (CRAHCN18).
4Reaction Exploration
Using the Gaussian 09 software package29, we perform
a thorough search for reactions between eight oxygen
species (CO2, CO,
3O, 1O, H2O, OH, H2CO, and HCO)
and the 22 primary species in this study (see Table 1).
The procedure below is carried out for 8×22 = 176 pairs
of species.
Using the Avogadro molecular visualization
software30,31, we placed each species at a handful
of different distances and orientations form its reaction
partner. We use a bit of chemical intuition when
determining the distance between the species, e.g.,
abstraction reactions in our network tend to occur at
short separations (1–2 A˚), whereas addition reactions
tend to be longer range (2–6 A˚).
We then copy the geometries into Gaussian input files,
and use the ‘opt=modredundant’ option to freeze the
bond distances between one atom of each species. We
run the Gaussian simulations with vibrational analyses
to allow us to identify whether points along the MEP
were found. A point along a MEP is identified by a sin-
gle negative frequency that oscillates in the direction of
the reaction. We run multiple simulations to look for pos-
sible abstraction, addition, and bond insertion reactions.
For reactions that form a single product, we continue the
exploration of that product by searching for efficient de-
cay and/or isomerization pathways. In many cases, we
find the product efficiently decays into other products,
sometimes after one or more isomerizations.
For cases where our above approach fails to find a
MEP, we have developed a Python program that can be
used to perform a more thorough scan of the potential
energy surface. This program takes two species geome-
tries as input, selects, e.g., 10 random separations and
orientations for those species, and runs those Gaussian
simulations in parallel. This program is especially useful
for MEPs that turn out to be not strictly intuitive (e.g.
OH + 1CH2).
Once we find a point along a MEP, we then character-
ize the reaction path by doing a coarse-grain scan back-
wards and forwards from the identified point in intervals
of 0.1A˚. We then plot the Gibbs free energies of these
optimized points along the reaction path, and analyze
the points using Avogadro to find the rough location(s)
of the transition state(s). In several cases we find more
than one transition state along a reaction path, with one
or more stable structures between the reactants and the
products.
Rate coefficient calculations
One- and Two-body Reactions
We calculate one- and two-body reaction rate coeffi-
cients using canonical variational transition state theory
(CVT). This is a statistical mechanics approach which
makes use of the canonical ensemble. This method can
be used to calculate rate coefficients for reactions with
and without energy barriers20.
CVT can be explained as follows. There is a point
that is far enough along the minimum energy reaction
path (MEP), that the reactants that cross over this point
are unlikely to cross back. This point is defined as the
location where the generalized transition state (GT) rate
coefficient is at its smallest value, therefore providing best
dynamical bottleneck20. This is expressed as:32
kCV T (T, s) = min
s
{kGT (T, s)} . (10)
where kGT (T, s) is the generalized transition state theory
rate coefficient, T is the temperature, and s is a point
along the MEP (e.g. bond distance).
To find the location along the MEP where the rate co-
efficient is at a minimum, we use the maximum Gibbs
free energy criterion32,33. It can be seen from the quasi-
thermodynamic equation of transition-state theory that
the maximum value for ∆GGT (T, s) corresponds to a
minimum value for kGT (T, s).
kGT (T, s) =
kBT
h
K0e−∆GGT (T,s)/RT , (11)
where K0 is the reaction quotient under standard state
conditions (i.e. 1 cm3 for second-order reactions, 1 cm6
for third-order reactions), and ∆GGT (T, s) is the differ-
ence in the Gibbs free energy between transition state
and reactants (kJ mol−1).
This method offers a compromise of energetic and
entropic effects, as ∆G contains both enthalpy and
entropy32,33. To obtain a similar accuracy for all calcu-
lations, we refine our coarse grain scans near the Gibbs
maxima to a precision of 0.01 A˚.
The generalized transition state theory rate coefficient,
neglecting effects due to tunneling, can be calculated with
the equation32,34
kGT (T, s) = σ
kBT
h
Q‡(T, s)∏N
i=1Q
ni
i (T )
e−E0(s)/RT . (12)
where σ is the reaction path multiplicity, kB is the Boltz-
mann constant (1.38×10−23 J K−1), T is temperature
(K), h is the Planck constant (6.63×10−34 J·s), Q‡ is the
partition function of the transition state per unit volume
(cm−3), with its zero of energy at the saddle point, Qi is
the partition function of species i per unit volume, with
its zero of energy at the equilibrium position of species i,
ni is the stoichiometric coefficient of species i, N is the
number of reactant species, E0 is the difference in zero-
point energies between the generalized transition state
and the reactants (kJ mol−1) (0 for barrierless reactions),
and R is the gas constant (8.314×10−3 kJ K−1 mol−1).
The partition functions per unit volume have four com-
ponents and are gathered from the Gaussian output files,
5Q =
qt
V
qeqvqr. (13)
where V is the volume (cm−3) and the t, e, v, and r
subscripts stand for translational, electronic, vibrational,
and rotational, respectively.
In some cases, there are multiple steps (i.e. transition
states) to a single reaction, and we must use mechanistic
modeling in order to determine the steady-state solution
of the overall rate equation. We place an example of a
mechanistic model in Case Study 9 in the SI.
Three-body reactions
In the cases where two reactants form a single prod-
uct, a colliding third body is required to remove excess
vibrational energy from the product to prevent it from
dissociating35. This is expressed as,
A + B −−→ C(ν) (14)
C(ν)
+M−−→ C. (15)
The rate coefficient for these three-body reactions is
expressed as36:
k([M ]) =
k0[M ]/k∞
1 + k0[M ]/k∞
k∞ (16)
where k0 is the third-order low-pressure limit rate coef-
ficient (cm6s−1), [M] is the number density of the collid-
ing third body, and k∞ is the second-order high-pressure
limit rate coefficient (cm3s−1).
The high-pressure limit rate coefficients are equivalent
to the two-body reaction rate coefficients (i.e., A+B −−→
C), and can be calculated using CVT as above. We make
use of the ktools code of the Multiwell Program Suite for
the high pressure limit rate coefficient calculations37–39.
The low-pressure limit rate coefficients, on the other
hand, require information about the collisional third
body for their calculation. To calculate these values, we
use the Multiwell Master Equation (ME) code, which em-
ploys RRKM theory. The ME contains the probabilities
that the vibrationally excited product will be stabilized
by a colliding third body40. Multiwell employs Monte
Carlo sampling of the ME to build up a statistical aver-
age for the two outcomes of the reaction (i.e., destabilize
back into reactants, or stabilize the product).
With the output from these stochastic trials, we cal-
culate the low-pressure limit rate coefficient with the fol-
lowing equation38,41:
k0([M ]) =
k∞fprod
[M ]
(17)
where k∞ is the high-pressure limit rate coefficient, fprod
is the fractional yield of the collisionally stabilized prod-
uct, and [M] is the simulation number density (cm−3),
which we lower until k0 converges.
We simulate three-body reactions using three differ-
ent colliding bodies, corresponding to potential domi-
nant species in the early Earth atmosphere (N2, CO2,
and H2). The energy transfer was treated with a stan-
dard exponential-down model with < ∆E >down = 0.8
T K−1 cm−142,43. The Lennard-Jones parameters for
the bath gases and all the products were taken from the
literature44–46 and can be found in Table S4.
In some cases, when two reactants come together to
form a single product, the vibrationally excited product
preferably decays along a different channel into some-
thing other than the original reactants (e.g. 1O +
H2 −−→ H2O(ν) · −−→ OH + H). In these cases, we also
include the second-order reactions to these favourable de-
cay pathways in our network. We verify the preferred de-
cay pathways of vibrationally excited molecules by look-
ing at previous experimental studies.
Temperature dependencies
For the one- and two-body reactions in this study with
barriers, and no experimental measurements, we calcu-
late temperature dependencies for the rate coefficients in
the 50–400 K range. Barrierless reaction rate coefficients
do not typically vary by more than a factor of ∼3 between
50 and 400 K47–51. To obtain temperature dependencies,
we calculate the rate coefficients at 50, 100, 200, 298.15,
and 400 K and fit the results to the modified Arrhenius
expression
k(T ) = α
(
T
300
)β
e−γ/T , (18)
where k(T ) is the temperature-dependent second-order
rate coefficient (cm3s−1), α, β, and γ are fit parameters,
and T is temperature (in K).
RESULTS
Comparison with Experiments
In Table 2 we display the three-body high- and low-
pressure limit calculated rate coefficients at 298 K. Out
of these 31 reactions, 12 have experimentally measured
high-pressure limit rate coefficients. For the low-pressure
limit rate coefficients, 9 of the 31 reactions have exper-
imental measurements; However, the bath gases used in
the low-pressure experiments often differ from the col-
liding third bodies in our calculations (i.e. N2, CO2,
and H2). When using several different bath gases, low-
pressure limit rate coefficients tend to range by ∼ an
order of magnitude27,52–54.
6TABLE 2: Lindemann coefficients for the three body reactions in this paper, calculated at 298 K, and valid within the 50–400
K temperature range. k∞ and k0 are the third-order rate coefficients in the high and low pressure limits, with units cm3s−1
and cm6s−1, respectively. These values are for usage in the pressure-dependent rate coefficient equation k = k0[M ]/k∞
1+k0[M ]/k∞ k∞.
Calculations are performed at the BHandHLYP/aug-cc-pVDZ level of theory. Low-pressure limit rate coefficients are calculated
for three different bath gases (N2, CO2, and H2). Reactions with rate coefficients slower than k∞ = 10−13 cm3s−1 are not
included in this network. The error factor is the multiplicative or divisional factor from the nearest experimental or suggested
value.
No. Reaction equation k∞(298) calc. k∞(298) exp. Error∞ k0(298) calc. k0(298) exp. Error0
*1. CO2 +
1O + M −−→ CO3 + M 3.8×10−11 0.1–23×10−11 1 (M=N2) 3.0×10−29
(CO2) 3.1×10−29
(H2) 6.7×10−29
*2. HCO + 2N + M −−→ 2.0×10−11 (N2) 5.0×10−30
HCON · + M · −−→ HCNO + M (CO2) 5.6×10−30
(H2) 9.7×10−30
*3. HCO + CH3 + M −−→ CH3CHO + M 5.7×10−12 6.3–44×10−12 1 (N2) 5.3×10−27
(CO2) 6.4×10−27
(H2) 1.2×10−27
4. HCO + H + M −−→ H2CO + M 4.9×10−11 (N2) 7.4×10−30
(CO2) 9.5×10−30
(H2) 1.4×10−29
*5. CO + CN + M −−→ NCCO + M 6.0×10−12 (N2) 6.2×10−31
(CO2) 6.8×10−31
(H2) 1.3×10−30
6. CO + 1O + M −−→ CO2 + M 2.8×10−11 0.3–7×10−11 1 (N2) 2.8×10−30 (CO2) 2.8×10−29 10
(CO2) 3.0×10−30 ” 9
(H2) 5.9×10−30 ” 5
*7. CO + 1CH2 + M −−→ CH2CO + M 1.3×10−11 (N2) 1.7×10−28
(CO2) 1.9×10−28
(H2) 3.3×10−28
8. CO + CH + M −−→ HCCO + M 4.6×10−11 0.5–17×10−11 1 (N2) 1.2×10−29 (Ar,He) 2.4–4.1×10−30 3
(CO2) 1.3×10−29 ” 3
(H2) 2.4×10−29 ” 6
9. CO + H + M −−→ HCO + M 2.7×10−12 (N2) 1.8×10−33 (Ne,H2) 0.5–3.3×10−34 5
(CO2) 2.1×10−33 (CO,H2) 0.8–3.3×10−34 6
(H2) 3.4×10−33 (H2) 0.8–3.3×10−34 10
*10. OH + H2CN + M −−→ H2CNOH + M 6.9×10−12 6.0×10−12 1 (N2) 6.5×10−30
(CO2) 7.4×10−30
(H2) 1.3×10−29
*11. OH + CN + M −−→ HOCN + M 1.0×10−12 (N2) 2.7×10−30
(CO2) 2.9×10−30
(H2) 5.1×10−30
12. OH + OH + M −−→ H2O2 + M 2.3×10−11 1.5–6.5×10−11 1 (N2) 4.9×10−32 (N2) 5.1–330×10−32 1
(CO2) 5.5×10−32 (CO2) 6.4–420×10−32 1
(H2) 9.9×10−32 (He,H2O) 1.3–1800×10−32 1
*13. OH + 3O + M −−→ HO2 + M 7.4×10−11 (N2) 8.5×10−32
(CO2) 9.4×10−32
(H2) 1.8×10−31
*14. OH + 1O + M −−→ HO2 + M 1.0×10−9 (N2) 4.1×10−30
7(CO2) 4.5×10−30
(H2) 8.3×10−30
15. OH + NH + M −−→ 7.0×10−12 (N2) 8.5×10−31
OH· · ·NH · + M · −−→ (CO2) 9.2×10−31
trans–HNOH + M (H2) 1.7×10−30
16. OH + CH3 + M −−→ 2.0×10−11 9.3–17×10−11 5 (N2) 2.1×10−27 (He,SF6) 2.0–7.2×10−27 1
OH· · ·CH3 · + M · −−→ (CO2) 2.3×10−27 ” 1
CH3OH + M (H2) 3.8×10−27 ” 1
17. OH + H + M −−→ H2O + M 2.4×10−10 (N2) 3.0×10−31 (N2) 4.8–6.8×10−31 2
(CO2) 3.7×10−31 (CO2) 9.0×10−31 2
(H2) 5.1×10−31 (He,H2O) 1.5–6.8×10−31 1
*18. 3O + CN + M −−→ NCO + M 7.1×10−12 9.4–16×10−12 1 (N2) 1.3×10−30
(CO2) 1.5×10−30
(H2) 2.6×10−30
19. 3O + 3O + M −−→ O2 + M 1.8×10−11 (N2) 3.0×10−34 (N2) 3.1–10×10−33 10
(CO2) 3.2×10−34 (Ar, O2) 3.9–100×10−34 1
(H2) 6.1×10−34 (Ar, N2) 3.9–100×10−34 1
20. 3O + 4N + M −−→ NO + M 6.6×10−11 (N2) 1.6×10−33 (N2) 5–11×10−33 3
(CO2) 1.8×10−33 (CO2) 1.8×10−32 10
(H2) 3.3×10−33 (He, N2) 3.8–11×10−33 1
*21. 3O + 3CH2 + M −−→ H2CO + M 6.7×10−11 1.9–20×10−11 1 (N2) 9.2×10−29
(CO2) 1.1×10−28
(H2) 1.7×10−28
*22. 3O + CH + M −−→ HCO + M 1.1×10−10 6.6–9.5×10−11 1 (N2) 5.2×10−30
(CO2) 6.2×10−30
(H2) 9.9×10−30
23. 3O + H + M −−→ OH + M 3.5×10−10 (N2) 2.6×10−33 (M) 1–8000×10−33 1
(CO2) 2.9×10−33 ” 1
(H2) 4.6×10−33 ” 1
*24. 1O + HCN + M −−→ HCNO + M 3.3×10−11 (N2) 4.0×10−29
(CO2) 4.6×10−29
(H2) 8.0×10−29
*25. 1O + CN + M −−→ NCO + M 8.9×10−11 (N2) 1.9×10−29
(CO2) 2.1×10−29
(H2) 3.6×10−29
*26. 1O + 1O + M −−→ O2 + M 2.3×10−10 (N2) 8.8×10−33
(CO2) 9.6×10−33
(H2) 1.8×10−32
*27. 1O + CH4 + M −−→ CH3OH + M 5.8×10−9 1.4–4.0×10−10 15 (N2) 3.6×10−23
(CO2) 3.9×10−23
(H2) 6.3×10−23
*28. 1O + 1CH2 + M −−→ H2CO + M 3.3×10−10 (N2) 6.6×10−27
(CO2) 7.7×10−27
(H2) 1.2×10−26
*29. 1O + CH + M −−→ HCO + M 9.2×10−11 (N2) 4.9×10−29
(CO2) 5.8×10−29
(H2) 9.1×10−29
8*30. 1O + H2 + M −−→ H2O + M 7.1×10−10 1.1–3.0×10−10 2 (N2) 1.2×10−29
(CO2) 1.4×10−29
(H2) 2.0×10−29
*31. 1O + H + M −−→ OH + M 1.1×10−9 (N2) 1.4×10−32
(CO2) 1.5×10−32
(H2) 2.3×10−32
∗ Reactions with no previously known rate coefficients.
Our calculated high-pressure rate coefficients are
within the range of experimental values in 9 out of 12
cases. The other three rate coefficients are factors of 2,
5, and 15 from the nearest experimental values. Typi-
cal uncertainties for rate coefficients–as assigned in large
experimental data evaluations–range from factors of 2–
1027,28; Therefore, this calculated accuracy is consistent
with the levels of uncertainty typically found in the lit-
erature.
Each low-pressure limit rate coefficient was calculated
for three bath gases (N2, CO2, and H2) and compared to
experiments performed with matching bath gases when
possible, and any bath gases otherwise. Nine of the re-
actions had experimentally measured low-pressure limit
rate coefficients for one or more bath gases. All of our cal-
culated rate coefficients for these reactions landed within
an order of magnitude of the experimental range for the
matching bath gas when possible, or another bath gas
otherwise. Most commonly (67% of the time), our rate
coefficients were within a factor of 3 from the nearest
experimental measurement. Larger deviations tended to
occur for cases that only have a single experimental mea-
surement for comparison.
In Table 3, we display the 95 one- and two-body reac-
tion rate coefficients calculated at 298K with any exper-
imental or suggested values. 47 of these reactions have
experimental or suggested values, and our calculations
are within approximately one order of magnitude of these
values in all but one case. In 60% of cases our calculated
rate coefficients are within a factor of 2 of experimental
values, and in 83% of cases our calculated rate coefficients
are within a factor of 6 of experimental values.
In one case, OH + CH4 −−→ H2O + CH3, our calcu-
lated rate coefficient has a slightly higher than an order
of magnitude deviation from experiment (factor of 54).
We attribute this error to the lack of a quantum tunnel-
ing correction in our calculations. Bravo-Pe´rez et al. [55]
performed transition state theory calculations for this re-
action at the BHandHLYP/6-311G(d,p) level of theory,
and calculated a tunneling factor of 30.56 at 298 K using
an Eckart model. If we applied this factor to our calcula-
tion, our rate coefficient would be within a factor of two
of the experimental range.
TABLE 3: Calculated reaction rate coefficients at 298 K for the one- and two-body reactions in this paper. Calculations are
performed at the BHandHLYP/aug-cc-pVDZ level of theory. Reactions with rate coefficients slower than k = 10−21 are not
included in this network. The precense or absence of an energy barrier in the rate-limiting step (or the only step) of the reaction
is specified. The error factor is the multiplicative or divisional factor from the nearest experimental or suggested value; the
error factor is 1 if the calculated value is within the range of experimental or suggested values. First-order rate coefficients
have units s−1. Second-order rate coefficients have units cm3s−1.
No. Reaction equation Forw./Rev. Barrier? k(298) calculated k(298) experimental Error factor
*32. NCCO −−→ CO + CN F Y 9.4×10−12
33. CO2 +
1O −−→ 1CO3 · −−→ 3CO3 · −−→ F N 3.8×10−11 0.1–23×10−11 1
CO2 +
3O
34. CO2 +
2N −−→ NCO2 · −−→ OCNO · −−→ F aY 3.2×10−14 1.8–6.8×10−13 6
CO + NO
35. CO2 +
1CH2 −−→ 1CH2CO2 · −−→ F N 8.0×10−13
H2CO + CO
36. CO2 + CH −−→ CHCO2 · −−→ HCOCO · −−→ F bN 3.1×10−12 1.8–2.1×10−12 1
HCO + CO
37. H2O2 −−→ OH + OH F Y 5.1×10−9
38. H2CO + CN −−→ HCN + HCO F N 1.7×10−11 1.7×10−11 1
39. H2CO + OH −−→ r, l-H2COHO · −−→ F Y 7.1×10−17
trans–HCOHO · + H · −−→ H2O + CO + H
40. H2CO + OH −−→ H2CO· · ·HO · −−→ H2O + HCO F Y 1.1×10−12 6.1–15×10−12 6
41. H2CO +
3O −−→ HCO + OH F Y 6.8×10−14 1.5–1.9×10−13 2
*42. H2CO +
1O −−→ H2CO2 · −−→ HCO2H · −−→ F N 4.6×10−10
HCO + OH
43. H2CO + CH3 −−→ HCO + CH4 F Y 1.9×10−19 2.2–4.2×10−18 12
44. H2CO +
3CH2 −−→ HCO + CH3 F Y 1.1×10−14 <1.0×10−14 1
45. H2CO +
1CH2 −−→ HCO + CH3 F N 1.5×10−12 2.0×10−12 1
946. H2CO + CH −−→ H2COCHa · −−→ F N 3.1×10−11 3.8×10−10 12
H2COCHb · −−→ CH2HCO · −−→
CH3CO · −−→ CO + CH3
47. H2CO + CH −−→ H2COCHc · −−→ F N 1.1×10−12
HCO + 3CH2
48. H2CO + H −−→ HCO + H2 F Y 1.8×10−13 3.9–6.7×10−14 3
*49. HCO + H2CN −−→ H2CO + HCN F Y 7.0×10−15
50. HCO + HCO −−→ trans–C2H2O2 · −−→ F Y 1.2×10−13 2.8–750×10−13 2
anti–HCOH · + CO · −−→ H2CO + CO
51. HCO + HCO −−→ cis–C2H2O2 · −−→ F N 7.4×10−11 3.6×10−11 2
CO + CO + H2
52. HCO + CN −−→ HCOCN · −−→ CO + HCN F N 5.4×10−12
53. HCO + OH −−→ trans–HCOHO · −−→ CO + H2O F N 7.0×10−12 5–18×10−11 7
54. HCO + 3O −−→ HCO2 · −−→ CO2 + H F N 2.6×10−11 5.0×10−11 2
55. HCO + 3O −−→ CO + OH F N 3.4×10−11 5.0×10−11 1
*56. HCO + 1O −−→ HCO2 · −−→ CO2 + H F N 1.5×10−10
*57. HCO + NH −−→ H2CO + 4N F Y 3.6×10−20
*58. HCO + NH −−→ CO + NH2 and F N 1.4×10−11
HCO + NH −−→ HNHCO · −−→ H2NCO · −−→
CO + NH2
59. HCO + 4N −−→ 3NCOH · −−→ NCO + H F N 2.8×10−11
60. HCO + 4N −−→ CO + NH F N 2.2×10−11
*61. HCO + 2N −−→ 3NCOH · −−→ NCO + H F N 6.6×10−11
*62. HCO + 2N −−→ CO + NH F N 4.8×10−11
63. HCO + CH3 −−→ CO + CH4 F N 1.0×10−11 3.6×10−11–2.0×10−10 4
64. HCO + 3CH2 −−→ CH3 + CO and F N 2.1×10−11 3.0×10−11 1
HCO + 3CH2 −−→ CH2HCO · −−→
CH3CO · −−→ CH3 + CO
65. HCO + 1CH2 −−→ CH2HCO · −−→ F N 1.2×10−11 3.0×10−11 3
CH3CO · −−→ CH3 + CO
66. HCO + CH −−→ CO + 3CH2 F N 1.5×10−11
*67. HCO + CH −−→ CO + 1CH2 F N 4.6×10−12
68. HCO + H −−→ CO + H2 and F N 6.9×10−11 1.1–5.5×10−10 2
HCO + H −−→ H2CO(ν) · −−→ CO + H2
69. HCO + H −−→ H2CO(ν) · −−→ CO + H + H F N 2.4×10−11
70. HCO −−→ CO + H F Y 2.2×10−2
71. CO + OH −−→ OH· · ·CO · −−→ cis–HOCO · −−→ F Y c2.9×10−12 0.9–9.7×10−13 3
CO2 + H
72. H2O +
1O −−→ H2OO · −−→ H2O2 · −−→ F N 4.8×10−10 1.8–3.7×10−10 1
OH + OH
73. H2O + CN −−→ H2OCN · −−→ OH + HCN F Y 6.6×10−15
74. H2O +
2N −−→ H2ON · −−→ trans–HNOH · −−→ F N 1.9×10−10
HNO + H and
H2O +
2N −−→ H2ON · −−→ trans–HNOH · −−→
H2NO · −−→ HNO + H
75. H2O + CH −−→ H2O· · ·CH · −−→ H2OCH · −−→ F dN 2.0×10−10 1.3–4.5×10−11 4
H2COH · −−→ H2CO + H
*76. H2O + CH −−→ OH + 3CH2 F Y 3.9×10−16
77. OH + HCN −−→ NCHOH · −−→ HOCN + H F Y 1.2×10−15 0.1–31×10−15 1
78. OH + CN −−→ HO· · ·CN −−→ 3HOCN1 · −−→ F Y 1.1×10−12
3HOCN2 −−→ NCO + H
79. OH + CN −−→ HCN + 3O F Y 4.5×10−13
*80. OH + CN −−→ HNC + 3O F Y 2.3×10−17
81. OH + OH −−→ trans– 3H2O2 · −−→ H2O + 3O F N e2.5×10−11 0.8–2.6×10−12 10
82. OH + 3O −−→ HO2(ν) · −−→ O2 + H F N 7.4×10−11 2.8–4.2×10−11 2
*83. OH + 1O −−→ HO2(ν) · −−→ O2 + H F N 1.0×10−9
84. OH + NH −−→ OH· · ·NH · −−→ trans–HNOH · −−→ F fN 7.0×10−12 3.3×10−11 5
HNO + H and
OH + NH −−→ OH· · ·NH · −−→ trans–HNOH · −−→
H2NO · −−→ HNO + H
85. OH + NH −−→ H2O + 4N F Y 6.8×10−13 3.1×10−12 5
86. OH + 4N −−→ 3OH· · ·N −−→ 3NOH · −−→ F Y 1.0×10−10 4.2–5.3×10−11 2
10
NO + H
*87. OH + 2N −−→ 3OH· · ·N −−→ 3NOH · −−→ F N 1.5×10−10
NO + H
88. OH + CH4 −−→ H2O + CH3 F Y 1.1×10−16 5.9–11×10−15 54
89. OH + CH3 −−→ 3O + CH4 F Y 1.1×10−18 1.8×10−17 16
90. OH + CH3 −−→ H2O + 3CH2 F Y 3.5×10−18
91. OH + 3CH2 −−→ OH· · ·CH2 · −−→ H2COH · −−→ F N 4.6×10−11 3.0×10−11 2
H2CO + H
92. OH + 3CH2 −−→ H2O + CH F N 7.6×10−13
93. OH + 1CH2 −−→ OH· · ·CH2 · −−→ H2COH · −−→ F N 4.6×10−11 5.0×10−11 1
H2CO + H
94. OH + CH −−→ 3OH· · ·CH · −−→ 3HCOH · −−→ F N 3.2×10−11
3H2CO · −−→ HCO + H
95. OH + CH −−→ anti–HCOH(ν) · −−→ F N g6.3×10−12
H2CO(ν) · −−→ CO + H2
96. OH + CH −−→ anti–HCOH(ν) · −−→ F N g6.3×10−12
H2CO(ν) · −−→ CO + H + H
97. OH + H2 −−→ H2O + H F Y 1.5×10−15 5.3–8.5×10−15 4
98. OH + H −−→ 3O + H2 F Y 6.5×10−16 9.9×10−17–5.6×10−16 1
*99. 3O + H2CN −−→ CH2NO · −−→ F Y 4.0×10−14
HCNO + H
*100. 3O + H2CN←−− CH2NO · ←−− R N 9.8×10−11
HCNO + H
101. 3O + H2CN −−→ CH2NO · −−→ F Y 8.3×10−15
HCNOH · −−→ OH + HCN
102. 3O + HCN −−→ 3NCOH −−→ NCO + H F Y 1.5×10−18
103. 3O + HCN←−− 3NCOH←−− NCO + H R Y 2.5×10−20
104. 3O + CN −−→ 4NCO −−→ CO + 4N F N 1.5×10−11 2.7×10−12–3.7×10−11 1
105. 3O + CN −−→ NCO(ν) −−→ CO + 2N F N 7.1×10−12 9.4×10−12–1.6×10−11 1
106. 3O + NH −−→ HNO · −−→ NO + H F N 3.1×10−11 5.0×10−11 2
107. 3O + NH −−→ OH + 4N F Y 2.2×10−14 <1.7×10−13–5.0×10−12 1
108. 3O + CH4 −−→ OH + CH3 F Y 1.1×10−19 6.6×10−19–6.6×10−16 6
109. 3O + CH3 −−→ CH3O · −−→ H2CO + H F N 9.4×10−11 >3.0×10−11–1.9×10−10 1
110. 3O + 3CH2 −−→ H2CO(ν) −−→ CO + H + H F N 3.4×10−11 h1.0×10−11–1.0×10−10 1
111. 3O + 3CH2 −−→ H2CO(ν) −−→ CO + H2 F N 3.4×10−11 h1.0×10−11–1.0×10−10 1
*112. 3O + 1CH2 −−→ 3H2CO · −−→ HCO + H F N 2.1×10−10
113. 3O + CH −−→ HCO(ν) −−→ CO + H F N 1.1×10−10 6.6×10−11 2
114. 3O + CH −−→ 4HCO · −−→ 4COH · −−→ F N 2.5×10−10
OH + C
115. 3O + H2 −−→ OH + H F Y 7.2×10−19 7.0×10−18–1.1×10−17 10
*116. 1O + H2CN −−→ CH2NO · −−→ F Y 4.5×10−10
3O + H2CN
*117. 1O + H2CN −−→ CH2NO · −−→ F Y 6.0×10−13
HCNO + H
*118. 1O + H2CN −−→ CH2NO · −−→ F Y 1.2×10−13
HCNOH · −−→ HCN + OH
*119. 1O + CN −−→ NCO(ν) −−→ CO + 2N F N 8.9×10−11
120. 1O + CH4 −−→ CH3OH(ν) −−→ OH + CH3 F N 5.8×10−9 1.4–4.0×10−10 15
*121. 1O + CH3 −−→ CH3O · −−→ H2CO + H F N 4.3×10−10
*122. 1O + 3CH2 −−→ 3H2CO · −−→ HCO + H F N 7.0×10−10
*123. 1O + 1CH2 −−→ H2CO(ν) −−→ F N 1.7×10−10
CO + H + H
*124. 1O + 1CH2 −−→ H2CO(ν) −−→ CO + H2 F N 1.7×10−10
*125. 1O + CH −−→ HCO(ν) −−→ CO + H F N 9.2×10−11
126. 1O + H2 −−→ H2O(ν) −−→ OH + H F N 7.1×10−10 1.1–3.0×10−10 2
a We introduce a barrier of 17.15 kJ mol−1 (half the HF barrier) to this calculation as no barrier is found at the BHandHLYP/aug-cc-pVDZ level
of theory (see supplement for more details).
b We remove the barrier from this calculation as experiment predicts this reaction to be barrierless below 400 K56.
c We remove the intermediate barriers from this reaction and reduce the barrierless first step by a factor of 3.4 to match the barrier effects at the
B3LYP/aug-cc-pVDZ level of theory. Experiments predict this reaction to have little to no barrier27.
d We remove the barrier from the rate limiting third step of this calculation, as experiment predicts this reaction to be barrierless57.
e Simulations did not converge beyond a O-O bond distance of 2.90A˚. The rate coefficient is calculated with the variational transition state at
11
this location, which has the highest ∆G.
f We remove the barrier from the rate limiting third step of this calculation, as data evaluations suggest little to no barrier for this reaction58.
g This rate coefficient is one half of the calculated rate coefficient for OH + CH −−→ anti–HCOH(ν) · as both CO + H2 and CO + H + H are
equally probable decay pathways for anti–HCOH(ν)
27,28,59.
h Experimental values are for 3O + 3CH2 −−→ products divided by 2. As both product channels CO + H + H and CO + H2 are suggested to be
equally likely27,28,59.
Method Limitations
Occasionally computational methods misdiagnose re-
action energy barriers. In other words, a method may
calculate a barrier when experiments suggest the reac-
tion is barrierless, or a method may calculate no barrier
when experiments suggest a small-to-modest-sized bar-
rier (∼1–20 kJ mol−1) exists. We find this to be biggest
limitation of applying a consistent computational quan-
tum method to a large number of reactions. This is the
main reason for taking a hybrid approach to building
CRAHCN-O. Experiments are the most accurate method
to calculate rate coefficients, therefore experimental val-
ues will always be used when possible. However, for the
large number of reactions without experimentally mea-
sured rate coefficients, we must use a robust and feasible
computational method to calculate and include these re-
actions in the network.
In four cases (noted in Table 3), our chosen compu-
tational method (BHandHLYP/aug-cc-pVDZ) predicts
barriers at the first step or an intermediate step of reac-
tions that are expected to be barrierless. In one other
case, this method predicts a reaction had no barrier,
when experiment suggests a barrier of 17.15 kJ mol−160.
For these few cases, we artificially remove the barriers
from these calculations, or introduce an experimental
barrier. Based on the calculations in this paper, we
find this method correctly diagnoses barriers ∼92% of
the time.
Comparing the barrier diagnosis capabilities of
BHandHLYP/aug-cc-pVDZ with two other widely used
method in past work18, we find CCSD/aug-cc-pVTZ
and ωB97XD/aug-cc-pVDZ share these limitations. For
11 chosen reactions, BHandHLYP/aug-cc-pVDZ misdi-
agnosed 4 barriers, CCSD/aug-cc-pVTZ misdiagnosed
5 barriers, and ωB97XD/aug-cc-pVDZ misdiagnosed 2
barriers.
A second limitation of our method is that we do
not include a correction factor for quantum mechani-
cal tunneling. This may not be a big concern at 298
K, where our rate coefficient calculations are typically
within a factor of two of experimental values, and gener-
ally always within an order of magnitude of experimen-
tal values. However, tunneling is most relevant at lower
temperatures61.
Given the lack of experimental low temperature (<∼ 230
K) rate coefficient data for the reactions in this study, we
cannot obtain a valid statistical sense of the accuracy of
our method for calculating low temperature rate coeffi-
cients. However, it is a reasonable assumption that our
treatment leads to larger uncertainties at the lower end of
our temperature range (50–200 K), where tunneling plays
a greater role; possibly up to two orders of magnitude.
DISCUSSION
Highlighted New Reactions
As we have already noted, we have discovered 45 pre-
viously unknown reactions and provide the first calcula-
tions of their rate coefficients. In Table 4, we highlight
6 of these reactions. These reactions are potentially key
pathways for the production and destruction of HCN or
H2CO in planetary atmospheres due to their high rate co-
efficients at 298 K, and the reasonably high abundances
of their reactants in atmospheres.
Different reactions tend to dominate in different re-
gions of an atmosphere. In the diffuse upper atmo-
sphere (thermosphere), incoming UV radiation breaks
apart dominant atmospheric species to produce radicals.
In the dense lower atmosphere (troposphere), radicals
can be transported from the upper atmosphere via turbu-
lent mixing, or produced by lightning and/or GCRs. In
this lower region, there is also sufficient pressure to colli-
sionally deexcite the vibrationally excited intermediates
in three-body reactions.
One newly discovered reaction with a great potential
to produce substantial amounts H2CO in upper atmo-
spheres is 1O + CH3 −−→ H2CO + H. Firstly, there will
likely be high concentrations of reactants 1O and CH3
in the upper atmospheres of planets containing CO2 and
CH4, as the former are the direct photodissociation frag-
ments of the latter. Secondly, this reaction has a barri-
erless rate coefficient of k(298 K) = 4.3×10−10 cm3s−1,
which is in the 94th percentile for highest two-body re-
action rate coefficients in this study. For these reasons,
we expect this reaction to be a dominant source of H2CO
in CO2-rich and CH4-containing atmospheres such as the
early Earth. At the CCSD/aug-cc-pVDZ level of theory,
we calculate this rate coefficient to be only 14% lower
(3.7 ×10−10 cm3s−1), suggesting this calculation is not
very sensitive to the choice of computational method.
In lower planetary atmospheres, we find two new
three-body reactions that may be important pathways to
H2CO. These reactions are
1O+ 1CH2 +M −−→ H2CO+
M and 3O + 3CH2 + M −−→ H2CO + M. These reactions
are most favourable at the high-pressure limit, where
their rate coefficients are k∞(298 K) = 3.3×10−10 and
6.7×10−11 cm3s−1, respectively. The pressures at which
these reaction rate coefficients reach 90% of k∞(298 K)
in a N2 bath gas are 0.61 bar and 7.1 bar, respectively.
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TABLE 4. Highlighted newly discovered reactions in this work, listed with their calculated rate coefficients at 298 K and
potential for importance in atmospheres. For simplicity, reaction intermediates are not listed here. See Tables 2 and 3 for full
details of reaction intermediates. Second-order rate coefficients have units cm3s−1. Third-order rate coefficients have units
cm6s−1.
Reaction k(298) calculated Importance
1O + CH3 −−→ H2CO + H 4.3×10−10 H2CO production in upper atmospheres
1O + 1CH2 + M −−→ H2CO + M k∞ = 3.3×10−10 H2CO production in lower atmospheres
k0(N2) = 6.6×10−27
k0(CO2) = 7.7×10−27
k0(H2) = 1.2×10−26
3O + 3CH2 + M −−→ H2CO + M k∞ = 6.7×10−11 H2CO production in lower atmospheres
k0(N2) = 9.2×10−29
k0(CO2) = 1.1×10−28
k0(H2) = 1.7×10−28
1O + H2CN −−→ HCN + OH 1.2×10−13 HCN production in upper atmospheres
H2CO +
1O −−→ HCO + OH 4.6×10−10 H2CO destruction in upper atmospheres
1O + HCN + M −−→ HCNO + M k∞ = 3.3×10−11 HCN destruction in lower atmospheres
k0(N2) = 4.0×10−29
k0(CO2) = 4.6×10−29
k0(H2) = 8.0×10−29
Such pressures would have been present in the evolving
early Earth atmosphere ∼4.5 billion years ago62.
For new potentially important routes to HCN, we find
1O + H2CN −−→ HCN + OH, which has a rate coeffi-
cient of k(298 K) = 1.2×10−13 cm3s−1. This reaction
has the potential to be an important source of HCN in
upper atmospheres with high CO2 mixing ratios, and
low H2 and CH4 mixing ratios. The reason for this is
that there is a direct competing reaction for HCN pro-
duction from H2CN + H −−→ HCN + H2, which has a
rate coefficient of k(298 K) = 2.2×10−11 cm3s−1. There-
fore, the 1O/H ratio in upper atmospheres will deter-
mine which of these two reactions dominates. We note
also that this reaction has a complex reaction scheme,
with two other favourable channels from the H2CNO ·
intermediate: HCNO + H and 3O + H2CN. Our calcu-
lations of this reaction rate coefficient using two other
computational methods (ωB97XD, CCSD) suggests the
channel to HCN + OH may be more favourable than our
BHandHLYP calculation implies, by up to a factor of
∼700 (see theoretical case study 9 in the SI for more de-
tails). Given these discrepancies, and the novelty of this
reaction, we recommend experimental measurements be
performed for the three product channels of 1O + H2CN.
A new reaction with a great potential to destroy H2CO
is H2CO +
1O −−→ HCO + OH, which has a barrierless
rate coefficient of 4.6×10−10 cm3s−1 at 298 K. As with
the main new production pathway to H2CO, this rate
coefficient is one of the highest two-body rate coefficients
in this study, and likely plays a role of attenuating H2CO
in upper atmospheres. At the CCSD/aug-cc-pVDZ level
of theory, we calculate this rate coefficient to be only
50% lower (2.3×10−10 cm3s−1) than the value at the
BHandHLYP/aug-cc-pVDZ level of theory.
Lastly, we highlight a new HCN destruction pathway
in lower atmospheres, 1O + HCN + M −−→ HCNO + M.
This reaction may be particularly important in attenu-
ating HCN abundances in the troposphere, which is the
region where HCN dissolves in rain droplets and makes
its way into surface water. This reaction rate coefficient
reaches 90% of k∞(298 K) in a N2 bath gas at 3 bar.
CRAHCN-O
CRAHCN-O is a chemical reaction network that can
be used to simulate the production of HCN and H2CO
in atmospheres ranging from ∼50–400 K dominated by
any of the following gases: CO2, N2, H2O, CH4, and
H2. CRAHCN-O is the amalgamation of the CRAHCN
network developed in Pearce et al. [18] and the oxygen
extension developed in this work. CRAHCN-O contains
experimental rate coefficients (when available), and our
consistently calculated theoretical rate coefficients from
this work otherwise.
We summarize the oxygen extension in Tables S1 and
S2 in the supplementary materials. In addition to the
126 reactions explored in this work, we include one exper-
imental spin-forbidden collisionally induced intersystem
crossing reaction (1O+M −−→ 3O+M), whose rate coef-
ficient cannot be calculated using our theoretical method.
The original CRAHCN network can be found in the
13
appendices of Pearce et al. [18].
CONCLUSIONS
In this work, we use a novel technique making use
of computational quantum chemistry and experimental
data to build a consistent reduced atmospheric hybrid
chemical network oxygen extension (CRAHCN-O). This
network can be used to simulate HCN and H2CO chem-
istry in planetary atmospheres dominated by CO2, N2,
H2O, CH4, and H2.
The oxygen extension contains 127 reactions, and is
made up of approximately 30% experimental and 70%
consistently calculated theoretical rate coefficients. Be-
low are the main conclusions of this work in bullet point.
• We discover 45 previously unknown reactions, and
are the first to calculate their rate coefficients.
These new reactions typically involve electronically
excited species (e.g., 1O, 1CH2,
2N).
• The majority (∼62%) of our calculated rate coef-
ficients are accurate to within a factor of two of
experimental measurements. ∼84% are accurate
to within a factor of 6 of experimental values, and
the rest are accurate to within about an order of
magnitude of experimental values. This level of ac-
curacy is consistent with the uncertainties assigned
in large scale experimental data evaluations.
• We identify 6 potentially key new production and
destruction pathways for H2CO and HCN from
these previously unknown reactions.
• The high, barrierless rate coefficient of 1O +
CH3 −−→ H2CO + H (k(298 K) = 4.3×10−10
cm3s−1) likely makes it a key source of formalde-
hyde in upper atmospheres where 1O and CH3 are
produced from the UV photodissociation of CO2
and CH4, respectively.
• Conversely, the high, barrierless rate coefficient of
H2CO +
1O −−→ HCO + OH (k(298 K) = 4.6
×10−10 cm3s−1) likely makes it a key sink for
formaldehyde in upper atmospheres.
• 1O + H2CN −−→ HCN + OH is less efficient than
the known HCN source, H2CN + H −−→ HCN +
H2; However the former may dominate HCN
production in CO2-rich upper atmospheres with
high 1O/H ratios from CO2 photodissociation.
• In lower atmospheres (i.e. high partial pressures),
H2CO may form via new reactions between
1O +
1CH2 and
3O + 3CH2, which require a collisional
third body at the high pressures present in these
regions. HCN may be efficiently removed in this
region via 1O + HCN + M −−→ HCNO + M.
Having now filled in the missing chemical data relevant
to HCN and H2CO production in CO2- and H2O-rich
atmospheres, we intend to couple CRAHCN-O to a 1D
chemical kinetic model to simulate the atmosphere of the
early Earth.
SUPPORTING INFORMATION
Rate coefficient data, experimental data, Lennard-
Jones parameters, theoretical case studies, and quantum
chemistry data.
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SUPPORTING INFORMATION
CRAHCN-O
In Tables S1 and S2, we display the Lindemann and
the Arrhenius coefficients for the new oxygen reactions
in CRAHCN-O. These rate coefficients consist of exper-
imental values when available, and our consistently cal-
culated theoretical values otherwise.
TABLE S1: Lindemann coefficients for the three-body oxygen reactions in the consistent reduced atmospheric hybrid chemical
network oxygen extension (CRAHCN-O), valid within the 50–400 K temperature range. Experimental values are used when
available, and calculated rate coefficients from this work are used otherwise. k∞ is the second-order rate coefficient in the high
pressure limit with units cm3s−1. k0 is the third-order rate coefficient in the low pressure limit with units cm6s−1. These values
fit into the pressure-dependent rate coefficient equation k = k0[M ]/k∞
1+k0[M ]/k∞ k∞.
No. Reaction equation k∞(298) k0(298) Source(s)
1. CO2 +
1O + M −−→ CO3 + M 1.6×10−10 (M=N2) 3.0×10−29 Avg. of exper. vals, This work
(CO2) 3.1×10−29 This work
(H2) 6.7×10−29 This work
2. HCO + 2N + M −−→ HCON · + M · −−→ 2.0×10−11 (N2) 5.0×10−30 This work
HCNO + M (CO2) 5.6×10−30 This work
(H2) 9.7×10−30 This work
3. HCO + CH3 + M −−→ CH3CHO + M 3.0×10−11 (N2) 5.3×10−27 Tsang and Hampson [28], This work
(CO2) 6.4×10−27 This work
(H2) 1.2×10−27 This work
4. HCO + H + M −−→ H2CO + M 4.9×10−11 (N2) 7.4×10−30 This work
(CO2) 9.5×10−30 This work
(H2) 1.4×10−29 This work
5. CO + CN + M −−→ NCCO + M 6.0×10−12 (N2) 6.2×10−31 This work
(CO2) 6.8×10−31 This work
(H2) 1.3×10−30 This work
6. CO + 1O + M −−→ CO2 + M 4.6×10−11 (N2) 2.8×10−29 Avg. of exper. vals, (CO2) Clerc and Barat [63]
(CO2) 2.8×10−29 (CO2) Clerc and Barat [63]
(H2) 2.8×10−29 (CO2) Clerc and Barat [63]
7. CO + 1CH2 + M −−→ CH2CO + M 1.3×10−11 (N2) 1.7×10−28 This work
(CO2) 1.9×10−28 This work
(H2) 3.3×10−28 This work
8. CO + CH + M −−→ HCCO + M 4.3×10−11 (N2) 1.2×10−29 This work
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(CO2) 1.3×10−29 This work
(H2) 2.4×10−29 This work
9. CO + H + M −−→ HCO + M 2.7×10−12 (N2) 1.0×10−34 This work, Avg. of H2 exper. vals
(CO2) 9.9×10−35 (CO) Hochanadel et al. [64]
(H2) 1.0×10−34 Avg. of H2 exper. vals
10. OH + H2CN + M −−→ H2CNOH + M 6.0×10−12 (N2) 6.5×10−30 Nizamov and Dagdigian [65], This work
(CO2) 7.4×10−30 This work
(H2) 1.3×10−29 This work
11. OH + CN + M −−→ HOCN + M 1.0×10−12 (N2) 2.7×10−30 This work
(CO2) 2.9×10−30 This work
(H2) 5.1×10−30 This work
12. OH + OH + M −−→ H2O2 + M 1.5×10−11 (N2) 8.0×10−31 Baulch et al. [27], (N2) Baulch et al. [27]
(CO2) 2.1×10−30 Avg. of CO2 exper. vals
(H2) 4.0×10−30 (H2O) Baulch et al. [27]
13. OH + 3O + M −−→ HO2 + M 7.4×10−11 (N2) 8.5×10−32 This work
(CO2) 9.4×10−32 This work
(H2) 1.8×10−31 This work
14. OH + 1O + M −−→ HO2 + M 1.0×10−9 (N2) 4.1×10−30 This work
(CO2) 4.5×10−30 This work
(H2) 8.3×10−30 This work
15. OH + NH + M −−→ OH· · ·NH · + M · −−→ 7.0×10−12 (N2) 8.5×10−31 This work
trans–HNOH + M (CO2) 9.2×10−31 This work
(H2) 1.7×10−30 This work
16. OH + CH3 + M −−→ OH· · ·CH3 · + M · −−→ 1.3×10−10 (N2) 2.1×10−27 This work
CH3OH + M (CO2) 2.3×10−27 This work
(H2) 3.8×10−27 This work
17. OH + H + M −−→ H2O + M 2.4×10−10 (N2) 6.9×10−31 This work, (N2) Baulch et al. [27]
(CO2) 9.0×10−31 (CO2) Zellner et al. [54]
(H2) 4.3×10−30 (H2O) Baulch et al. [27]
18. 3O + CN + M −−→ NCO + M 7.1×10−12 (N2) 1.3×10−30 This work
(CO2) 1.5×10−30 This work
(H2) 2.6×10−30 This work
19. 3O + 3O + M −−→ O2 + M 1.8×10−11 (N2) 7.3×10−33 This work, Avg. of N2 exper. vals
(CO2) 7.3×10−33 Avg. of O2 exper. vals
(H2) 7.3×10−33 Avg. of N2 exper. vals
20. 3O + 4N + M −−→ NO + M 6.6×10−11 (N2) 8.6×10−33 This work, Avg. of N2 exper. vals
(CO2) 1.8×10−32 (CO2) Campbell and Thrush [66]
(H2) 8.6×10−33 Avg. of N2 exper. vals
21. 3O + 3CH2 + M −−→ H2CO + M 1.9×10−11 (N2) 9.2×10−29 Tsang and Hampson [28], This work
(CO2) 1.1×10−28 This work
(H2) 1.7×10−28 This work
22. 3O + CH + M −−→ HCO + M 6.6×10−11 (N2) 5.2×10−30 Baulch et al. [27], This work
(CO2) 6.2×10−30 This work
(H2) 9.9×10−30 This work
23. 3O + H + M −−→ OH + M 3.5×10−10 (N2) 2.6×10−33 This work
(CO2) 2.9×10−33 This work
(H2) 4.6×10−33 This work
24. 1O + HCN + M −−→ HCNO + M 3.3×10−11 (N2) 4.0×10−29 This work
(CO2) 4.6×10−29 This work
(H2) 8.0×10−29 This work
25. 1O + CN + M −−→ NCO + M 8.9×10−11 (N2) 1.9×10−29 This work
(CO2) 2.1×10−29 This work
(H2) 3.6×10−29 This work
26. 1O + 1O + M −−→ O2 + M 2.3×10−10 (N2) 8.8×10−33 This work
(CO2) 9.6×10−33 This work
(H2) 1.8×10−32 This work
27. 1O + CH4 + M −−→ CH3OH + M 2.2×10−10 (N2) 3.6×10−23 Avg. of exper. vals, This work
(CO2) 3.9×10−23 This work
(H2) 6.3×10−23 This work
28. 1O + 1CH2 + M −−→ H2CO + M 3.3×10−10 (N2) 6.6×10−27 This work
(CO2) 7.7×10−27 This work
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(H2) 1.2×10−26 This work
29. 1O + CH + M −−→ HCO + M 9.2×10−11 (N2) 4.9×10−29 This work
(CO2) 5.8×10−29 This work
(H2) 9.1×10−29 This work
30. 1O + H2 + M −−→ H2O + M 2.1×10−10 (N2) 1.2×10−29 Avg. of exper. vals, This work
(CO2) 1.4×10−29 This work
(H2) 2.0×10−29 This work
31. 1O + H + M −−→ OH + M 1.1×10−9 (N2) 1.4×10−32 This work
(CO2) 1.5×10−32 This work
(H2) 2.3×10−32 This work
TABLE S2: Arrhenius coefficients for the one- and two-body oxygen reactions in the consistent reduced atmospheric hybrid
chemical network oxygen extension (CRAHCN-O). Experimental values are used when available, and calculated rate coefficients
from this work are used otherwise. For the reactions with barriers from this work, rate coefficients are calculated at 50, 100, 200,
298, and 400 K, and are fit to the modified Arrhenius expression k(T ) = α
(
T
300
)β
e−γ/T . Barrierless reaction rate coefficients
do not typically vary by more than a factor of 1–3 for temperatures between 50 and 400 K47–51. Intermediate molecules are
labelled with a bullet, and are included to describe the precise reaction pathway for multi-step reactions. First- and second-order
reactions with rate coefficients slower than k(298 K) = 10−21 are not included in this network. First-order rate coefficients
have units s−1. Second-order rate coefficients have units cm3s−1.
No. Reaction equation Forw./Rev. α β γ Source
32. NCCO −−→ CO + CN F 3.4×10+7 14.33 12716 This work
33. CO2 +
1O −−→ 1CO3 · −−→ 3CO3 · −−→ F 7.4×10−11 0 -133 Dunlea and Ravishankara [67]
CO2 +
3O
34. CO2 +
2N −−→ NCO2 · −−→ OCNO · −−→ F 4.6×10−13 0 0 Avg. of exper. vals
CO + NO
35. CO2 +
1CH2 −−→ 1CH2CO2 · −−→ F 8.0×10−13 0 0 This work
H2CO + CO
36. CO2 + CH −−→ CHCO2 · −−→ HCOCO · −−→ F 5.7×10−12 0 345 Baulch et al. [27]
HCO + CO
37. H2O2 −−→ OH + OH F 2.1×10+8 13.73 11381 This work
38. H2CO + CN −−→ HCN + HCO F 1.5×10−12 2.72 -718 Yu et al. [68]
39. H2CO + OH −−→ r, l-H2COHO · −−→ F 4.8×10−13 0.82 2626 This work
trans–HCOHO · + H · −−→ H2O + CO + H
40. H2CO + OH −−→ H2O + HCO F 4.8×10−12 1.18 -225 Baulch et al. [27]
41. H2CO +
3O −−→ HCO + OH F 1.8×10−11 0.57 1390 Baulch et al. [27]
42. H2CO +
1O −−→ H2CO2 · −−→ HCO2H · −−→ F 4.6×10−10 0 0 This work
HCO + OH
43. H2CO + CH3 −−→ HCO + CH4 F 6.8×10−12 0 4450 Baulch et al. [27]
44. H2CO +
3CH2 −−→ HCO + CH3 F 3.5×10−13 2.44 1024 This work
45. H2CO +
1CH2 −−→ HCO + CH3 F 1.5×10−12 0 0 This work
46. H2CO + CH −−→ H2COCHa · −−→ F 1.6×10−10 0 -260 Baulch et al. [27]
H2COCHb · −−→ CH2HCO · −−→
CH3CO · −−→ CO + CH3
47. H2CO + CH −−→ H2COCHc · −−→ F 1.1×10−12 0 0 This work
HCO + 3CH2
48. H2CO + H −−→ HCO + H2 F 1.5×10−11 1.05 1650 Baulch et al. [27]
49. HCO + H2CN −−→ H2CO + HCN F 4.6×10−14 2.11 559 This work
50. HCO + HCO −−→ trans–C2H2O2 · −−→ F 4.2×10−11 0 0 Avg. of exper. vals
anti–HCOH · + CO · −−→ H2CO + CO
51. HCO + HCO −−→ cis–C2H2O2 · −−→ F 3.6×10−11 0 0 Yee Quee and Thynne [69]
CO + CO + H2
52. HCO + CN −−→ HCOCN · −−→ CO + HCN F 5.4×10−12 0 0 This work
53. HCO + OH −−→ trans–HCOHO · −−→ CO + H2O F 1.7×10−10 0 0 Baulch et al. [27]
54. HCO + 3O −−→ HCO2 · −−→ CO2 + H F 5.0×10−11 0 0 Baulch et al. [27]
55. HCO + 3O −−→ CO + OH F 5.0×10−11 0 0 Baulch et al. [27]
56. HCO + 1O −−→ HCO2 · −−→ CO2 + H F 1.5×10−10 0 0 This work
57. HCO + NH −−→ H2CO + 4N F 2.0×10−13 1.00 4622 This work
58. HCO + NH −−→ CO + NH2 and F 1.4×10−11 0 0 This work
HCO + NH −−→ HNHCO · −−→ H2NCO · −−→
CO + NH2
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59. HCO + 4N −−→ 3NCOH · −−→ NCO + H F 2.8×10−11 0 0 This work
60. HCO + 4N −−→ CO + NH F 2.2×10−11 0 0 This work
61. HCO + 2N −−→ 3NCOH · −−→ NCO + H F 6.6×10−11 0 0 This work
62. HCO + 2N −−→ CO + NH F 4.8×10−11 0 0 This work
63. HCO + CH3 −−→ CO + CH4 F 2.0×10−10 0 0 Tsang and Hampson [28]
64. HCO + 3CH2 −−→ CH3 + CO and F 2.1×10−11 0 0 This work
HCO + 3CH2 −−→ CH2HCO · −−→
CH3CO · −−→ CH3 + CO
65. HCO + 1CH2 −−→ CH2HCO · −−→ F 1.2×10−11 0 0 This work
CH3CO · −−→ CH3 + CO
66. HCO + CH −−→ CO + 3CH2 F 1.5×10−11 0 0 This work
67. HCO + CH −−→ CO + 1CH2 F 4.6×10−12 0 0 This work
68. HCO + H −−→ CO + H2 and F 1.5×10−10 0 0 Baulch et al. [27]
HCO + H −−→ H2CO(ν) · −−→ CO + H2
69. HCO + H −−→ H2CO(ν) · −−→ CO + H + H F 2.4×10−11 0 0 This work
70. HCO −−→ CO + H F 1.7×10+13 1.14 10219 This work
71. CO + OH −−→ OH· · ·CO · −−→ cis–HOCO · −−→ F 5.5×10−12 1.50 -250 Baulch et al. [27]
CO2 + H
72. H2O +
1O −−→ H2OO · −−→ H2O2 · −−→ F 1.6×10−10 0 -65 Dunlea and Ravishankara [67]
OH + OH
73. H2O + CN −−→ H2OCN · −−→ OH + HCN F 9.4×10−13 1.58 1474 This work
74. H2O +
2N −−→ H2ON · −−→ trans–HNOH · −−→ F 1.9×10−10 0 0 This work
HNO + H and
H2O +
2N −−→ H2ON · −−→ trans–HNOH · −−→
H2NO · −−→ HNO + H
75. H2O + CH −−→ H2O· · ·CH · −−→ H2OCH · −−→ F 1.6×10−11 -1.42 0 Blitz et al. [57]
H2COH · −−→ H2CO + H
76. H2O + CH −−→ OH + 3CH2 F 5.8×10−13 0.38 2178 This work
77. OH + HCN −−→ NCHOH · −−→ HOCN + H F 5.3×10−14 -1.00 1860 Phillips [70]
78. OH + CN −−→ HO· · ·CN −−→ 3HOCN1 · −−→ F 9.9×10−13 -0.34 -25 This work
3HOCN2 −−→ NCO + H
79. OH + CN −−→ HCN + 3O F 2.8×10−12 1.07 545 This work
80. OH + CN −−→ HNC + 3O F 4.4×10−8 -6.93 6383 This work
81. OH + OH −−→ trans– 3H2O2 · −−→ H2O + 3O F 1.7×10−12 1.14 50 Baulch et al. [27]
82. OH + 3O −−→ HO2(ν) · −−→ O2 + H F 2.0×10−11 0 -112 Baulch et al. [27]
83. OH + 1O −−→ HO2(ν) · −−→ O2 + H F 1.0×10−9 0 0 This work
84. OH + NH −−→ OH· · ·NH · −−→ trans–HNOH · −−→ F 7.0×10−12 0 0 This work
HNO + H and
OH + NH −−→ OH· · ·NH · −−→ trans–HNOH · −−→
H2NO · −−→ HNO + H
85. OH + NH −−→ H2O + 4N F 2.9×10−12 0.69 425 This work
86. OH + 4N −−→ 3OH· · ·N · −−→ 3NOH · −−→ F 4.9×10−11 0 0 Avg. of exper. vals
NO + H
87. OH + 2N −−→ 3OH· · ·N · −−→ 3NOH · −−→ F 1.5×10−10 0 0 This work
NO + H
88. OH + CH4 −−→ H2O + CH3 F 8.8×10−13 1.83 1396 Baulch et al. [27]
89. OH + CH3 −−→ 3O + CH4 F 9.5×10−13 -0.29 4139 this work
90. OH + CH3 −−→ H2O + 3CH2 F 2.2×10−12 1.67 3972 This work
91. OH + 3CH2 −−→ OH· · ·CH2 · −−→ H2COH · −−→ F 4.6×10−11 0 0 This work
H2CO + H
92. OH + 3CH2 −−→ H2O + CH F 7.6×10−13 0 0 This work
93. OH + 1CH2 −−→ OH· · ·CH2 · −−→ H2COH · −−→ F 4.6×10−11 0 0 This work
H2CO + H
94. OH + CH −−→ 3OH· · ·CH · −−→ 3HCOH · −−→ F 3.2×10−11 0 0 This work
3H2CO · −−→ HCO + H
95. OH + CH −−→ anti–HCOH(ν) · −−→ F 6.3×10−12 0 0 This work
H2CO(ν) · −−→ CO + H2
96. OH + CH −−→ anti–HCOH(ν) · −−→ F 6.3×10−12 0 0 This work
H2CO(ν) · −−→ CO + H + H
97. OH + H2 −−→ H2O + H F 9.5×10−13 2.00 1490 Baulch et al. [27]
98. OH + H −−→ 3O + H2 F 7.0×10−14 2.80 1950 Baulch et al. [27]
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99. 3O + H2CN −−→ CH2NO · −−→ F 5.7×10−13 1.72 788 This work
HCNOH · −−→ HCNO + H
100. 3O + H2CN←−− CH2NO · ←−− R 9.8×10−11 0 0 This work
HCNO + H
101. 3O + H2CN −−→ CH2NO · −−→ F 3.7×10−13 0.86 1127 This work
HCNOH · −−→ HCN + OH
102. 3O + HCN −−→ 3NCOH −−→ NCO + H F 1.3×10−11 0.96 4040 This work
103. 3O + HCN←−− 3NCOH←−− NCO + H R 1.3×10−10 0.20 5743 This work
104. 3O + CN −−→ 4NCO −−→ CO + 4N F 7.6×10−12 0 0 Baulch et al. [27]
105. 3O + CN −−→ NCO(ν) −−→ CO + 2N F 9.4×10−12 0 0 Baulch et al. [27]
106. 3O + NH −−→ HNO · −−→ NO + H F 3.1×10−11 0 0 This work
107. 3O + NH −−→ OH + 4N F 4.5×10−12 0.54 1589 This work
108. 3O + CH4 −−→ OH + CH3 F 1.1×10−11 1.56 4270 Baulch et al. [27]
109. 3O + CH3 −−→ CH3O · −−→ H2CO + H F 1.4×10−10 0 0 Baulch et al. [27]
110. 3O + 3CH2 −−→ H2CO(ν) −−→ CO + H + H F 1.2×10−10 0 0 Baulch et al. [27]
111. 3O + 3CH2 −−→ H2CO(ν) −−→ CO + H2 F 8.0×10−11 0 0 Baulch et al. [27]
112. 3O + 1CH2 −−→ 3H2CO · −−→ HCO + H F 2.1×10−10 0 0 This work
113. 3O + CH −−→ HCO(ν) −−→ CO + H F 6.6×10−11 0 0 Baulch et al. [27]
114. 3O + CH −−→ 4HCO · −−→ 4COH · −−→ F 2.5×10−10 0 0 This work
OH + C
115. 3O + H2 −−→ OH + H F 3.5×10−13 2.67 3163 Baulch et al. [27]
116. 1O + H2CN −−→ CH2NO · −−→ 3O + H2CN F 4.5×10−10 0.70 -53 This work
117. 1O + H2CN −−→ CH2NO · −−→ HCNO + H F
(50–200 K) 2.3×10−11 -0.39 1070 This work
(200–400 K) 1.9×10−13 5.30 -356
118. 1O + H2CN −−→ CH2NO · −−→ F This work
HCNOH · −−→ HCN + OH
(50–200 K) 1.5×10−11 -0.81 1386 This work
(200–400 K) 1.1×10−13 4.56 -46
119. 1O + CN −−→ NCO(ν) −−→ CO + 2N F 8.9×10−11 0 0 This work
120. 1O + CH4 −−→ CH3OH(ν) −−→ OH + CH3 F 2.2×10−10 0 0 Avg. of exper. vals
121. 1O + CH3 −−→ CH3O · −−→ H2CO + H F 4.3×10−10 0 0 This work
122. 1O + 3CH2 −−→ 3H2CO · −−→ HCO + H F 7.0×10−10 0 0 This work
123. 1O + 1CH2 −−→ H2CO(ν) −−→ F 1.7×10−10 0 0 This work
CO + H + H
124. 1O + 1CH2 −−→ H2CO(ν) −−→ CO + H2 F 1.7×10−10 0 0 This work
125. 1O + CH −−→ HCO(ν) −−→ CO + H F 9.2×10−11 0 0 This work
126. 1O + H2 −−→ H2O(ν) −−→ OH + H F 2.1×10−10 0 0 Avg. of exper. vals
127a. 1O + CO2 −−→ 3O + CO2 F 7.4×10−11 0 -133 Dunlea and Ravishankara [71]
127b. 1O + N2 −−→ 3O + N2 F 2.1×10−11 0 -115 Dunlea and Ravishankara [71]
127c. 1O + H2 −−→ 3O + H2 F 1.4×10−10 0 0 Vranckx et al. [72]
Experimental Data
Experiments and reviews have measured and suggested
reaction rate coefficients for several of the reactions in
this network at or near ∼298 K. These values are listed
in Table S3.
TABLE S3: All available experimental or recommended reaction rate coefficients for the reactions in this study. For brevity,
only the 10 most recent measurements of OH + CH4 −−→ H2O + CH3, OH + H2 −−→ H2O + H, and 3O + CH3 −−→ H2CO + H
are included; for a complete listing, we refer the reader to the NIST Chemical Kinetics Database73. First-order rate coefficients
have units s−1. Second-order rate coefficients have units cm3s−1. Third-order rate coefficients have units cm6s−1.
k(298K) Technique Temp. (K) Pressure (Torr) Reference(s)
CO2 +
1O −−→ products
2.3×10−10 M 300 20 Young et al. [74]
1.4×10−10 M 295 25–250 Blitz et al. [75]
1.0×10−10 M 297 40 Wine and Ravishankara [76]
>1.0×10−12 M Young and Ung [77]
CO2 +
1O −−→ 3O + CO2
2.1×10−10 M 300 15–26 Heidner, III et al. [78]
1.3×10−10 M 295 0–0.01 Amimoto et al. [79]
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1.2×10−10 M 298 Davidson et al. [80]
1.1×10−10 M 298 5–50 Dunlea and Ravishankara [67]
CO2 +
2N −−→ CO + NO
6.8×10−13 M 300 6 Fell et al. [81]
6.0×10−13 M 300 2–5 Black et al. [82]
5.0×10−13 M 300 7–15 Lin and Kaufman [83]
3.5×10−13 M 300 1–3 Piper et al. [84]
1.8×10−13 M 300 26 Husain et al. [60]
CO2 +
3CH2 −−→ 3H2CO + CO
3.9×10−14 M 298 50–700 Laufer and Bass [85]
3.9×10−14 S 298 Tsang and Hampson [28]
CO2 + CH −−→ HCO + CO
2.1×10−12 M 298 20 Mehlmann et al. [56]
1.9×10−12 M 298 100 Butler et al. [86,87]
1.8×10−12 M 298 100 Berman et al. [88]
1.8×10−12 S 298 Baulch et al. [27]
H2CO + CN −−→ HCN + HCO
1.7×10−11 M 298 Yu et al. [68]
H2CO + OH −−→ H2O + HCO
1.5×10−11 M 298 700 Niki et al. [89]
1.2×10−11 M 298 100 Zabarnick et al. [90]
8.1–11×10−12 M 298 20–80 Stief et al. [91]
9.3×10−12 M 299 50 Atkinson and Pitts Jr. [92]
8.4×10−12 M 299 700 Niki et al. [93]
8.1×10−12 M 296 1–4 Temps and Wagner [94]
7.8×10−12 M 298 3 Yetter et al. [95]
6.1×10−12 M 298 40 Vandooren and Van Tiggelen [96]
1.0×10−11 S 300 Baulch et al. [27]
1.0×10−11 S 298 Tsang and Hampson [28]
H2CO +
3O −−→ HCO + OH
1.9×10−13 M 298 1.6 Chang and Barker [97]
1.7×10−13 M 298 50–200 Klemm [98]
1.7×10−13 M 298 1.7–4.4 Klemm et al. [99]
1.5×10−13 M 300 2 Herron and Penzhorn [100]
1.5×10−13 M 300 0.9–1.1 Mack and Thrush [101]
1.7×10−13 S 298 Baulch et al. [27]
1.7×10−13 S 298 Tsang and Hampson [28]
H2CO + CH3 −−→ CH4 + HCO
4.2×10−18 S 298 Tsang and Hampson [28]
2.2×10−18 S 298 Baulch et al. [27]
H2CO +
3CH2 −−→ CH3 + HCO
<1.0×10−14 S 298 Tsang and Hampson [28]
H2CO +
1CH2 −−→ CH3 + HCO
2.0×10−12 S 298 Tsang and Hampson [28]
H2CO + CH −−→ products
3.8×10−10 M 298 20–300 Zabarnick et al. [102]
3.8×10−10 S 298 Baulch et al. [27]
H2CO + H −−→ HCO + H2
6.7×10−14 M 298 100–450 Klemm [98]
5.4×10−14 M 297 25–116 Ridley et al. [103]
4.4×10−14 M 298 1–2 Brennen et al. [104]
4.2×10−14 M 298 1–5 Oehlers et al. [105]
4.1×10−14 M 298 22.5 Vandooren et al. [106]
3.9×10−14 M 298 0.8–2.1 Westenberg and DeHaas [107]
5.9×10−14 S 298 Baulch et al. [27]
5.5×10−14 S 298 Tsang and Hampson [28]
HCO + HCO −−→ C2H2O2
5.0×10−11 M 0.1–10 Stoeckel et al. [108]
2.8×10−13 M 298 Yee Quee and Thynne [69]
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HCO + HCO −−→ H2CO + CO
7.5×10−11 M 295 10–30 Baggott et al. [109]
6.3×10−11 M 298 10 Reilly et al. [110]
4.5×10−11 M 298 210–1425 Friedrichs et al. [111]
3.4×10−11 M 298 10–20 Veyret et al. [112]
3.0×10−11 M 298 Vedeneev et al. [113]
HCO + HCO −−→ CO + CO + H2
3.6×10−11 M 298 Yee Quee and Thynne [69]
HCO + OH −−→ H2O + CO
1.8×10−10 M 296 1–4 Temps and Wagner [94]
1.7×10−10 S 300 Baulch et al. [27]
5.0×10−11 S 300 Tsang and Hampson [28]
HCO + 3O −−→ CO2 + H
5.0×10−11 S 300–2500 Baulch et al. [27]
5.0×10−11 S 298 Tsang and Hampson [28]
HCO + 3O −−→ CO + OH
5.0×10−11 S 300–2500 Baulch et al. [27]
5.0×10−11 S 298 Tsang and Hampson [28]
HCO + CH3 −−→ CH3HCO
4.4×10−11 M 298 60–76 Mulenko [114]
6.3×10−12 M 298 Yee Quee and Thynne [69]
3.0×10−11 S 298 Tsang and Hampson [28]
HCO + CH3 −−→ CO + CH4
3.6×10−11 M 298 Yee Quee and Thynne [69]
2.0×10−10 S 298 Tsang and Hampson [28]
HCO + 3CH2 −−→ CO + CH3
3.0×10−11 S 298 Tsang and Hampson [28]
HCO + 1CH2 −−→ CO + CH3
3.0×10−11 S 298 Tsang and Hampson [28]
HCO + H −−→ CO + H2
5.5×10−10 M 298 251 Reilly et al. [110]
1.8×10−10 M 298 2–1425×102 Friedrichs et al. [111]
1.1×10−10 M 298 Ziemer et al. [115]
2.0×10−10 S 298 Tsang and Hampson [28]
1.5×10−10 S 298 Baulch et al. [27]
CO + OH −−→ CO2 + H
9.7×10−13 M 300 750–112500 Forster et al. [116]
2.3×10−13 M 299 700 Niki et al. [117]
1.3–1.9×10−13 M 296–297 5–10 Frost et al. [118]
1.7×10−13 M 298 150 Bohn and Zetzsch [119]
1.6×10−13 M 298 2 Herron [120]
1.5×10−13 M 300 24 Husain et al. [121]
1.4×10−13 M 300 150 Lissianski et al. [122]
1.4×10−13 M 298 100 Ravishankara and Thompson [123]
1.3×10−13 M 297 5 Frost et al. [124]
8.5×10−14 M 300 1.8 Herron [125]
1.3×10−13 S 298 Baulch et al. [27]
CO + 1O + M −−→ CO3 + M
k0(CO2) = 2.8×10−29 M 300 Clerc and Barat [63]
CO + 1O −−→ products
7.3×10−11 M 300 15–26 Heidner, III et al. [78]
5.8×10−11 M 298 Davidson et al. [126]
5.0×10−11 M 300 7–25 Young et al. [74]
<5.0×10−11 M 300 3–17 Noxon [127]
3.3×10−12 M 300 Clerc and Barat [63]
CO + CH + M −−→ HCCO + M
k0(Ar) = 4.2×10−30 M 298 10–100 Mehlmann et al. [56]
k0(Ar) = 4.1×10−30 M 298 0.4–4.5 Le Picard et al. [128]
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k0(Ar) = 4.1×10−30 M 298 4–400 Brownsword et al. [129]
k0(He) = 4.1×10−30 M 298 10–7500 Fulle et al. [130]
k0(He) = 3.9×10−30 M 298 10–100 Mehlmann et al. [56]
k0(He) = 2.4×10−30 M 293 12.5–500 Taatjes [131]
CO + CH −−→ HCCO
1.7×10−10 M 298 10–7500 Fulle et al. [130]
5.9×10−11 M 298 high-pressure limit Mehlmann et al. [56]
3.0×10−11 M 298 0.4–4.5 Le Picard et al. [128]
2.1×10−11 M 298 100 Butler et al. [87]
8.3×10−12 M 298 100 Berman et al. [88]
6.9×10−12 M 298 100 Taatjes [131]
4.8×10−12 M Bosnali and Perner [132]
CO + H + M −−→ HCO + M
k0(H2) < 3.3×10−34 M 298 50–250 Bennett and Blackmore [133]
k0(CH4, H2O) = 1.6×10−34 M 298 760 Hochanadel et al. [64]
k0(H2) = 1.1×10−34 M 298 Wang et al. [134]
k0(H2) = 1.1×10−34 M 298 800-1220 Hikida et al. [135]
k0(H2) = 1.0×10−34 M 298 760 Hochanadel et al. [64]
k0(CO) = 9.9×10−35 M 298 760 Hochanadel et al. [64]
k0(Ar) = 7.2×10−35 M 298 800-1220 Hikida et al. [135]
k0(H2) = 8.0×10−35 M 298 52–601 Ahumada et al. [136]
k0(Kr) = 6.9×10−35 M 298 52–601 Ahumada et al. [136]
k0(Ar) = 6.2×10−35 M 298 52–601 Ahumada et al. [136]
k0(He) = 6.0×10−35 M 298 52–601 Ahumada et al. [136]
k0(Ne) = 4.8×10−35 M 298 52–601 Ahumada et al. [136]
H2O +
1O −−→ OH + OH
3.7×10−10 M 300 11 Gauthier and Snelling [137]
3.0×10−11 M 300 15–26 Heidner, III et al. [78]
2.6×10−10 M 300 3–5 Lee and Slanger [138]
2.3×10−10 M 298 10–30 Davidson et al. [139]
2.3×10−10 M 298 1–12 Streit et al. [140]
1.8–2.3×10−10 M 295 20–36 Dunlea and Ravishankara [141]
1.9–2.2×10−10 M 298 7–47 Geriicke and Comes [142]
2.1×10−10 M 298 1–30 Davidson et al. [80]
H2O + CH −−→ products
1.3×10−11 M 293 200 Blitz et al. [57]
4.5×10−11 M Bosnali and Perner [132]
OH + H2CN −−→ H2CNOH
6.0×10−12 M 298 120–200 Nizamov and Dagdigian [65]
OH + HCN −−→ products
3.1×10−14 M 298 75–375 Fritz et al. [143]
1.0×10−16 M 298 10 Phillips [70]
OH + OH + M −−→ H2O2 + M
k0(H2O) = 1.8×10−29 M 298 100 Caldwell and Back [52]
k0(O2) = 5.1×10−30 M 298 100 Caldwell and Back [52]
k0(CO2) = 4.2×10−30 M 298 100 Caldwell and Back [52]
k0(H2O) = 4.0×10−30 M 298 0.08–105 Zellner et al. [144]
k0(N2) = 3.3×10−30 M 298 100 Caldwell and Back [52]
k0(Xe) = 1.3×10−30 M 298 100 Caldwell and Back [52]
k0(Ar) = 9.7×10−31 M 298 100 Caldwell and Back [52]
k0(He) = 9.2×10−31 M 298 750–7500 Sangwan et al. [145]
k0(He) = 8.5×10−31 M 298 100 Caldwell and Back [52]
k0(N2) = 6.9×10−31 M 298 20–825 Zellner et al. [144]
k0(H2O) = 2.8×10−31 M 298 200 Black and Porter [53]
k0(N2) = 2.5×10−31 M 298 1 Trainor and von Rosenberg Jr. [146]
k0(N2) = 2.5×10−31 M 298 1 Trainor and von Rosenberg Jr. [147]
k0(O2) = 7.9×10−32 M 298 200 Black and Porter [53]
k0(CO2) = 6.4×10−32 M 298 200 Black and Porter [53]
k0(N2) = 5.1×10−32 M 298 200 Black and Porter [53]
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k0(Xe) = 2.0×10−32 M 298 200 Black and Porter [53]
k0(Ar) = 1.5×10−32 M 298 200 Black and Porter [53]
k0(He) = 1.3×10−32 M 298 200 Black and Porter [53]
k0(H2O) = 4.0×10−30 S 300 Baulch et al. [27]
k0(N2) = 8.0×10−31 S 300 Baulch et al. [27]
k0(N2) = 6.0×10−31 S 298 Tsang and Hampson [28]
OH + OH −−→ H2O2
6.5×10−11 M 300 1 Greiner [148]
2.6×10−11 M 298 75000 Fulle et al. [149]
2.4×10−11 M 298 750–7500 Sangwan et al. [145]
2.2×10−11 M 298 750–112500 Forster et al. [116]
1.5×10−11 M 298 20–825 Zellner et al. [144]
1.5×10−11 S 298 Baulch et al. [27]
OH + OH −−→ H2O + 3O
2.6×10−12 M 300 1 Dixon-Lewis et al. [150]
2.3×10−12 M 298 1–4 Westenberg and deHaas [151]
2.1×10−12 M 298 23–78 Trainor and von Rosenberg Jr. [146]
2.1×10−12 M 298 1 Trainor and von Rosenberg Jr. [147]
1.7×10−12 M 298 Farquharson and Smith [152]
1.3–1.5×10−12 M 298 1–2 Clyne and Down [153]
1.4×10−12 M 298 2250–7500 Sangwan and Krasnoperov [154]
1.4×10−12 M 298 1 Bedjanian et al. [155]
1.4×10−12 M 298 Wagner and Zellner [156]
8.4×10−13 M 298 1 Breen and Glass [157]
2.0×10−12 S 298 Tsang and Hampson [28]
1.4×10−12 S 298 Baulch et al. [27]
OH + 3O −−→ O2 + H
4.3×10−11 M 298 1 Breen and Glass [157]
4.2×10−11 M 298 2.5–4 Smith and Stewart [158]
3.9×10−11 M 298 4 Howard and Smith [159]
2.3–3.8×10−11 M 298 0.6-0.9 Westenberg et al. [160]
3.8×10−11 M 298 3.75 Howard and Smith [161]
3.3×10−11 M 298 40 Robertson and Smith [162]
3.2×10−11 M 298 40 Robertson and Smith [163]
3.1×10−11 M 300 1–5 Brune et al. [164]
2.9×10−11 M 298 Lewis and Watson [165]
2.8×10−11 M 300 2–8 Kurzius and Boudart [166]
3.9×10−15 S 298 Tsang and Hampson [28]
2.9×10−11 S 298 Baulch et al. [27]
OH + NH −−→ HNO + H
3.3×10−11 S 298 Cohen and Westberg [58]
OH + NH −−→ H2O + 4N
5.1×10−12 S 298 Cohen and Westberg [58]
OH + 4N −−→ NO + H
5.3×10−11 M 298 4 Howard and Smith [159]
5.2×10−11 M 294 2.5–6 Smith and Stewart [158]
5.0×10−11 M 298 3.75 Howard and Smith [161]
4.2×10−11 M 300 1–5 Brune et al. [164]
OH + CH4 −−→ H2O + CH3
1.1×10−14 M 300 1 Wilson and Westenberg [167]
8.5×10−15 M 298 99 Wilson and Westenberg [168]
7.6×10−15 M 298 100 Sharkey and Smith [169]
6.9×10−15 M 298 100 Mellouki et al. [170]
6.6×10−15 M 298 151 Bryukov et al. [171]
6.4×10−15 M 298 100 Bonard et al. [172]
6.4×10−15 M 298 100 Gierczak et al. [173]
6.2–6.3×10−15 M 298 100–300 Vaghjiani and Ravishankara [174]
6.2×10−15 M 298 400–750 Dunlop and Tully [175]
5.9×10−15 M 298 1 Finlayson-Pitts et al. [176]
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8.0×10−15 S 298 Baulch et al. [27]
7.9×10−15 S 298 Tsang and Hampson [28]
OH + CH3 + M −−→ CH3OH + M
k0(SF6) = 7.2×10−27 M 298 64–750 Fagerstro¨m et al. [177]
k0(He) = 2.6×10−27 M 300 0.5–2.5 Humpfer et al. [178]
k0(SF6) = 2.5×10−27 M 298 64–750 Fagerstro¨m et al. [179]
k0(He) = 2.0×10−27 M 300 0.2–5 Oser et al. [180]
k0(He) = 2.0×10−27 M 300 1–7 Oser et al. [181]
OH + CH3 −−→ CH3OH
1.7×10−10 M 300 0.5–2.5 Humpfer et al. [178]
1.7×10−10 M 300 1–7 Oser et al. [181]
1.4×10−10 M 298 64–750 Fagerstro¨m et al. [179]
1.4×10−10 M 298 64–750 Fagerstro¨m et al. [177]
9.4×10−11 M 298 760 Anastasi et al. [182]
9.3×10−11 M 300 0.2–5 Oser et al. [180]
OH + CH3 −−→ 3O + CH4
1.8×10−17 S 298 Cohen and Westberg [58]
OH + 3CH2 −−→ H2CO + H
3.0×10−11 S 298 Tsang and Hampson [28]
OH + 1CH2 −−→ H2CO + H
5.0×10−11 S 298 Tsang and Hampson [28]
OH + H2 −−→ H2O + H
8.5×10−15 M 298 760 Sworski et al. [183]
7.2×10−15 M 298 10-20 Smith and Zellner [184]
7.0×10−15 M 298 15 Atkinson et al. [185]
7.0×10−15 M 298 15 Atkinson et al. [186]
6.9×10−15 M 298 50–300 Talukdar et al. [187]
6.7×10−15 M 298 17–100 Orkin et al. [188]
6.2×10−15 M 298 100 Ravishankara et al. [189]
6.1×10−15 M 298 50 Tully and Ravishankara [190]
5.8×10−15 M 298 40–760 Overend et al. [191]
5.3×10−15 M 298 23 Trainor and von Rosenberg Jr. [192]
6.4×10−15 S 298 Tsang and Hampson [28]
6.2×10−15 S 300 Baulch et al. [27]
OH + H + M −−→ H2O + M
k0(CO2) = 9.0×10−31 M 300 3–11 Zellner et al. [54]
k0(N2) = 4.8×10−31 M 300 3–11 Zellner et al. [54]
k0(Ar) = 2.3×10−31 M 300 3–11 Zellner et al. [54]
k0(He) = 1.5×10−31 M 300 3–11 Zellner et al. [54]
k0(H2O) = 4.3×10−30 S 300 Baulch et al. [27]
k0(N2) = 6.8×10−31 S 300 Baulch et al. [27]
k0(Ar) = 2.6×10−31 S 300 Baulch et al. [27]
k0(H2O) = 6.8×10−31 S 300 Tsang and Hampson [28]
OH + H −−→ 3O + H2
5.6×10−16 S 300 Kaufman and Del Greco [193]
9.9×10−17 S 298 Cohen and Westberg [194]
1.1×10−16 S 300 Tsang and Hampson [28]
3O + CN −−→ CO + 4N
3.7×10−11 M 298 10–100 Titarchuk and Halpern [195]
2.1×10−11 M 298 Schacke et al. [196]
2.7×10−12 M 298 7 Schmatjko and Wolfrum [197]
1.7×10−11 S 298 Tsang [198]
7.6×10−12 S 298 Baulch et al. [27]
3O + CN −−→ CO + 2N
1.6×10−11 M 298 7 Schmatjko and Wolfrum [197]
9.4×10−12 S 298 Baulch et al. [27]
3O + 3O + M −−→ O2 + M
k0(N2) = 7.2×10−33–1.0×10−32 M 300 2–5 Morgan et al. [199]
k0(O2) = 1.0×10−32 M 298 1–2 Tchen [200]
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k0(N2) = 4.8×10−33 M 298 2–15 Campbell and Gray [201]
k0(O2) = 4.5×10−33 M 300 1–10 Marshall [202]
k0(N2) = 3.1×10−33 M 298 2–10 Campbell and Thrush [203]
k0(Ar) = 2.7×10−33 M 300 1 Reeves et al. [204]
k0(Ar) = 1.7×10−33 M 298 2–10 Campbell and Thrush [203]
k0(He) = 1.3×10−33 M 298 2–10 Campbell and Thrush [203]
k0(Ar) = 3.9×10−34 M 300 Kondratiev and Nikitin [205]
k0(Ar) = 1.1×10−33 S 298 Tsang and Hampson [28]
3O + NH −−→ HNO −−→ NO + H
5.0×10−11 S 298 Cohen and Westberg [58]
3O + NH −−→ OH + 4N
5.0×10−12 S 298 Cohen and Westberg [58]
<1.7×10−13 M 298 11–15 Hack et al. [206]
3O + 4N + M −−→ NO + M
k0(CO2) = 1.8×10−32 M 298 2–15 Campbell and Thrush [66]
k0(N2O) = 1.5×10−32 M 298 2–15 Campbell and Thrush [66]
k0(N2) = 1.1×10−32 M 298 2–10 Campbell and Thrush [203]
k0(N2) = 9.2×10−33 M 298 2–15 Campbell and Gray [201]
k0(N2) = 9.1×10−33 M 298 2–9 Kretschmer and Petersen [207]
k0(Ar) = 8.2×10−33 M 298 2–10 Campbell and Thrush [203]
k0(N2) = 5.0×10−33 M 298 3–4 Mavroyannis and Winkler [208]
k0(He) = 3.8×10−33 M 298 2–10 Campbell and Thrush [203]
3O + CH4 −−→ OH + CH3
6.6×10−16 M 300 Froben [209]
1.2×10−17 M 298 1–2 Westenberg and de Haas [210]
6.6×10−19 M 293 10–150 Falconer et al. [211]
5.0×10−18 S 298 Baulch et al. [27]
4.3×10−18 S 298 Tsang and Hampson [28]
3O + CH3 −−→ H2CO + H
1.9×10−10 M 298 Slagle et al. [212]
1.4×10−10 M 298 Slagle et al. [213]
1.4×10−10 M 298 <2×10−4 Washida [214]
1.2×10−10 M 298 2.8 Washida and Bayes [215]
1.1×10−10 M 298 19 Zellner et al. [216]
1.1×10−10 M 295 Plumb and Ryan [217]
1.0×10−10 M 298 Washida and Bayes [218]
9.4×10−11 M 298 0.1 Seakins and Leone [219]
>3.0×10−11 M 298 Morris, Jr. and Niki [220]
>3.0×10−11 M 300 1–2 Niki et al. [221]
1.4×10−10 S 298 Baulch et al. [27]
1.3×10−10 S 298 Tsang and Hampson [28]
3O + 3CH2 −−→ products
1.3×10−10 M 296 Bo¨hland et al. [222]
1.3×10−10 M 295 Vinckier and Debruyn [223]
2.0×10−10 S 298 Baulch et al. [27]
1.9×10−11 S 298 Tsang and Hampson [28]
3O + CH −−→ products
9.5×10−11 M 298 5–15 Messing et al. [224]
9.4×10−11 M 298 5–10 Messing et al. [225]
3O + CH −−→ CO + H
6.6×10−11 S 298 Baulch et al. [27]
3O + H2 −−→ OH + H
1.1×10−17 M 298 300 Zhu et al. [226]
1.0×10−17 M 297 100–600 Presser and Gordon [227]
9.1×10−18 M 298 Light and Matsumoto [228]
8.5×10−18 S 298 Baulch et al. [27]
7.0×10−18 S 298 Tsang and Hampson [28]
3O + H + M −−→ OH + M
k0(M) = 1.0×10−33–8×10−30 S 298 Baulch et al. [229]
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k0(M) = 4.4×10−32 S 298 Tsang and Hampson [28]
1O + CH4 −−→ OH + CH3
3.8×10−10 M 300 11 Gauthier and Snelling [137]
2.2×10−10 M 300 1–3 Matsumi et al. [230]
1.9×10−10 M 298 10 Vranckx et al. [231]
1.7×10−10 M 298 45 Dillon et al. [232]
1.4×10−10 M 295 25–250 Blitz et al. [75]
4.0×10−10 S 298 Cvetanovic´ [233]
1O + H2 −−→ OH + H
3.0×10−10 M 300 11 Gauthier and Snelling [137]
2.7×10−10 M 298 0.1 Koppe et al. [234]
2.5×10−10 M 298 7–21 Stief et al. [235]
2.2×10−10 M 298 1 Matsumi et al. [230]
1.2×10−10 M 298 Talukdar and Ravishankara [236]
1.1×10−10 M 298 100 Ogren et al. [237]
M: Monitoring decay of reactants and/or production of products.
S: Suggested value based on experiments and/or evaluations at a range of temperatures.
Lennard-Jones Parameters
TABLE S4: Lennard-Jones force constants used in this study. Values are obtained from viscosity data when possible.
Molecule σ (A˚) /kb (K) Source
CO3
a3.996 a190 Welty et al. [45]
NCCO b4.38 b339 Welty et al. [45]
CO2 3.996 190 Welty et al.
[45]
CH3CHO 3.97 436 Wang et al.
[46]
H2CNOH
e3.585 e507 Welty et al. [45]
CH3OH 3.585 507 Welty et al.
[45]
CH2CO 3.97 436 Wang et al.
[46]
HCON c3.59 c498 Wang et al. [46]
HOCN c3.59 c498 Wang et al. [46]
HCNO c3.59 c498 Wang et al. [46]
H2CO 3.59 498 Wang et al.
[46]
HCCO d4.221 d185 Welty et al. [45]
NCO g3.63 g569.1 Reid et al. [44]
H2O2 4.196 289.3 Reid et al.
[44]
trans–HNOH f3.47 f119 Welty et al. [45]
HCO 3.59 498 Wang et al. [46]
HO2 3.458 107.4 Wang et al.
[46]
N2 3.681 91.5 Welty et al.
[45]
H2O 2.649 356 Welty et al.
[45]
O2 3.433 113 Welty et al.
[45]
NO 3.47 119 Welty et al. [45]
OH 2.75 80 Wang et al. [46]
H2 2.968 33.3 Welty et al.
[45]
a L-J parameters based on those for CO2
b L-J parameters based on those for NCCN
c L-J parameters based on those for H2CO
d L-J parameters based on those for C2H2
e L-J parameters based on those for CH3OH
f L-J parameters based on those for NO
g L-J parameters based on those for HCN
Theoretical Case Studies
The following case studies provide additional details
for some of the non-standard reactions in this study.
Examples include intersystem crossing reactions, reac-
tions with vibrational intermediates or complex path-
ways, and reactions where BHandHLYP/aug-cc-pVDZ
misdiagnosed the barrier.
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Case Study 1:
CO2 +
1O −−→ 1CO3 · −−→ 3CO3 · −−→ CO2 + 3O
The deexcitation of 1O by CO2 has been
studied considerably both experimentally and
theoretically74,78,79,238–246.
Experiments confirm that the dominant quench-
ing pathway leads to ground state oxygen atoms
(3O)74,80,242,245,246. RRKM and statistical models have
been used to explore the quenching mechanism239,243, the
dominant of which is to react 1O by CO2 to form singlet
CO3, which then undergoes intersystem crossing to the
triplet CO3 potential energy surface before decaying into
3O + CO2.
An experiment by Sedlacek et al. [241] measures
the singlet PES quenching pathway, CO2 +
1O −−→
1CO3 · −−→ CO + O2, to be approximately 1000 times
less efficient than the dominant mechanism.
Experimentally measured rate coefficients for the over-
all quenching of 1O by CO2 in the 295–300 K range from
1.0–2.3×10−10 cm3s−167,74–76,78–80.
In this work, we calculate the rate coefficient for CO2 +
1O −−→ CO3 at the BHandHLYP/aug-cc-pVDZ level of
theory to bek(298 K) = 3.8×10−11 cm3s−1, and assume
this to be the rate-limiting step in the quenching pathway
to CO2 +
3O. This value is only a factor of 3 lower
than the nearest experimental measurement by Wine and
Ravishankara [76].
We also include the third-order reaction CO2 +
1O +
M −−→ CO3 + M in our network for M = N2, CO2, and
H2.
Case Study 2:
CO2 +
2N −−→ NCO2 · −−→ OCNO · −−→ CO+NO
Experimental measurements of the rate coefficient
for this reaction at 300 K are between 1.8–6.8×10−13
cm3s−160,81–84. Herron [247] reviewed these experiments
and suggested a value of 3.6×10−13 cm3s−1.
There have been no theoretical studies performed on
this reaction to date.
Husain et al. [60] suggest this reaction has a small en-
ergy barrier due to its fairly slow rate coefficient for a
reaction of high exothermicity.
We do not find a barrier for this reaction at the
BHandHLYP/aug-cc-pVDZ level of theory. We also do
not find a barrier at the CCSD/aug-cc-pVDZ level of
theory.
On the other hand, at the HF/aug-cc-pVDZ level of
theory, we find a barrier of 34.3 kJ mol−1 at the transition
state for a C-N bond distance of 1.89A˚.
In a computational methods comparison study on the
reaction of CH4 + H −−→ CH3 + H2, we found the varia-
tional transition state barrier at the HF/aug-cc-pVDZ
level of theory to be approximately twice the size of
the barrier calculated at the BHandHLYP/aug-cc-pVDZ
level of theory. We insert an artificial barrier of half the
HF value (17.15 kJ mol−1) into the calculation for k(298
K) at the BHandHLYP/aug-cc-pVDZ level of theory, and
obtain a rate coefficient of 3.2×10−14 cm3s−1. This value
is ∼6 times smaller than the nearest experimental value.
Case Study 3:
CO2 +CH −−→ CHCO2 · −−→ HCOCO · −−→ HCO+CO
The rate coefficients for this reaction have been mea-
sured experimentally at 298 K and range from 1.8–
2.1×10−12 cm3s−156,86–88. Baulch et al. [27] reviewed
the earliest of these experimental results and has sug-
gested a k(298 K) value of 1.8×10−12 cm3s−1. Mehlmann
et al. [56] predict this reaction to have little of no activa-
tion barrier below 400 K.
We find no theoretical studies of this reaction.
We find the first step of this reaction to be the rate-
limiting step. At the BHandHLYP/aug-cc-pVDZ level of
theory, the first step of this reaction has a barrier; How-
ever, at the B3LYP/aug-cc-pVDZ level of theory, this re-
action step is barrierless. We remove the barrier from our
calculation to match expectation from experiment56 and
obtain an overall rate coefficient of k(298 K) = 3.1×10−12
cm3s−1 at the BHandHLYP/aug-cc-pVDZ level of the-
ory. This is within a factor of 1.5 of the nearest experi-
mental value.
Case Study 4: CO2 +
3CH2 −−→ H2CO+CO
Laufer and Bass [85] experimentally measured the rate
coefficient for this reaction at 298 K to be 3.9×10−14
cm3s−1. Darwin and Moore [248] performed upper bound
experiments on this reaction and found k(298) to be no
greater than 1.4×10−14 cm3s−1.
Kovacs and Jackson [249] studied this reaction theoret-
ically, and found the lowest energy path is to form the
3CH2· · ·CO2 complex, followed the subsequent reaction
into 3CH2CO2 over a 19.3 kcal mol
−1 barrier (at the
G2 level of theory). They find that the lowest energy
path from the 3CH2· · ·CO2 complex is to fragment back
into 3CH2 and CO2 over a 1.1 kcal mol
−1 barrier. They
also suggest an intersystem crossing reaction from this
complex to the singlet surface is unlikely, and that 3CH2
would may require collisional reaction to the singlet state
in order for this reaction to proceed.
We find similar results to Kovacs and Jackson [249]
at the BHandHLYP/aug-cc-pVDZ and CCSD/aug-cc-
pVDZ levels of theory. CO2 +
3CH2 proceeds via
a barrierless reaction to form the 3CH2· · ·CO2 com-
plex with a C-C bond distance of 3.25 (3.23) A˚ at
the BHandHLYP/aug-cc-pVDZ (CCSD/aug-cc-pVDZ)
level of theory. This reaction efficiently decays back
into CO2 +
3CH2, and the barrier to
3CH2CO2 is
15.7 (19.3) kcal mol−1 at the BHandHLYP/aug-cc-
pVDZ (CCSD/aug-cc-pVDZ) level of theory. We find
the rate coefficient for the reaction CO2 +
3CH2 −−→
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3CH2· · ·CO2 −−→ 3CH2CO2 to be k(298 K) =
1.8×10−23 (2.3×10−25) cm3s−1 at the BHandHLYP/aug-
cc-pVDZ (CCSD/aug-cc-pVDZ) level of theory, which is
too slow to consider in our network.
Our results and those of Kovacs and Jackson [249] sug-
gest this reaction likely does not occur on the triplet sur-
face. For this reason, we do not include it in our net-
work, and instead only include the singlet surface reac-
tion CO2 +
1CH2 −−→ H2CO + CO. We find CO2 +
1CH2 −−→ H2CO + CO to have a rate coefficient of
8.0×10−13 cm3s−1 at 298 K, which is only a factor of 2
larger than the experimental value for CO2 +
3CH2 −−→
H2CO + CO. This adds some evidence to the suggestion
that 3CH2 must first collisionally excite to
1CH2 before
reacting with CO2 to produce H2CO + CO.
Case Study 5: HCO+HCO −−→ products
Three potential product channels of the self-reaction
of HCO have been reported experimentally69,109–112,250.
HCO + HCO −−→ cis−C2H2O2 (S1)
HCO + HCO −−→ H2CO + CO (S2)
HCO + HCO −−→ 2 CO + H2 (S3)
Rate coefficients for HCO + HCO −−→ H2CO + CO
have been experimentally measured at 295–298 K and
range from 3.0–7.5×10−11 cm3s−1109–113.. The lack of
temperature dependence in the range of 298–475 K sug-
gests this reaction is barrierless112.
Yee Quee and Thynne [69] performed the only exper-
imental measurement of the rate coefficient for HCO +
HCO −−→ 2 CO + H2 at 298 K, which they find to be 3.6
×10−11 cm3s−1.
Rate coefficients for HCO + HCO −−→ trans–C2H2O2
have been experimentally measured at 298 K to be in the
range of 2.8–500×10−13 cm3s−169,108.
There are no experimental measurements of the rate
coefficient for HCO + HCO −−→ cis–C2H2O2.
Saheb and Nazari [251] performed theoretical quantum
computational simulations, and found the most impor-
tant product channels to be:
HCO + HCO −−→ cis−C2H2O2 · −−→ 2 CO + H2 (S4)
HCO+HCO −−→ trans−C2H2O2 · −−→ anti−HCOH+CO
(S5)
We find no direct abstraction reaction for HCO +
HCO −−→ H2CO + CO on the singlet surface. We
do however find an inefficient abstraction reaction
for HCO + HCO −−→ anti–HCOH + CO, with a
k(298 K) rate coefficient of 3.4×10−24 cm3s−1 at the
BHandHLYP/aug-cc-pVDZ level of theory.
We find the reaction HCO+HCO −−→ trans–C2H2O2
to have a barrierless rate coefficient of 4.1×10−13 cm3s−1
at 298 K at the BHandHLYP/aug-cc-pVDZ level of the-
ory. At the same level of theory, we calculate the rate co-
efficient of the subsequent reaction trans–C2H2O2 −−→
anti–HCOH + CO (k(298 K) = 7.1×10−34 s−1) to be
slightly smaller than than the decay back into HCO +
HCO (k(298 K) = 1.7×10−33 s−1). Finally, we find
anti–HCOH efficiently isomerizes into H2CO. We cal-
culate the overall rate coefficient at 298 K for HCO +
HCO −−→ trans–C2H2O2 −−→ anti–HCOH + CO −−→
H2CO + CO to be 1.2×10−13 s−1, which is slightly
reduced from the barrierless value due to the slight
preference in the decay back to HCO + HCO over
anti–HCOH+CO. This is only a factor of 2 smaller than
the nearest experimental value for HCO + HCO −−→
trans–C2H2O2
69.
We calculate the reaction HCO + HCO −−→
cis–C2H2O2 · −−→ CO + CO + H2 to have a rate
coefficient of k(298 K) = 7.4 ×10−11 cm3s−1 at the
BHandHLYP/aug-cc-pVDZ level of theory. This is only
a factor of 2 larger than the only experimental value.
Case Study 6: CO+OH −−→ intermediates · −−→ CO2 +H
Experimental measurements of the rate coefficient for
this reaction at 296–300 K range from 8.5×10−14 to
9.7×10−13 cm3s−1116–125. Baulch et al. [27] review the
kinetic data from experiments and suggest a very slight
temperature dependence, suggesting this reaction pro-
ceeds with little or no reaction barrier.
There are multiple reaction pathways for this reac-
tion, but the fastest is that which proceeds through the
OH· · ·CO · and cis–HOCO · intermediates252.
At the BHandHLYP/aug-cc-pVDZ level of theory, we
calculate k(298 K) for the barrierless first step, CO +
OH −−→ OH· · ·CO · , to be 9.7×10−12 cm3s−1. However,
we find intermediate barriers at the second and third
steps of this calculation at the BHandHLYP/aug-cc-
pVDZ level of theory, making the overall rate coefficient
for CO + OH −−→ OH· · ·CO · −−→ cis–HOCO · −−→
CO2 + H, 5.7×10−19 cm3s−1. This is several orders of
magnitude smaller than the range of experimental val-
ues. At the B3LYP/aug-cc-pVDZ level of theory, these
barriers are more comparable, resulting in only a factor
of 3.4 reduction between the barrierless first step and
the overall rate coefficient. Ab initio calculations show
similar barrier heights to our the B3LYP/aug-cc-pVDZ
calculations252.
We reduce the calculated rate coefficient for the bar-
rierless first step at the BHandHLYP/aug-cc-pVDZ level
of theory by a factor of 3.4 to match the barrier effects at
the B3LYP/aug-cc-pVDZ level of theory. This gives us a
rate coefficient of k(298) = 2.9×10−12 cm3s−1, which is
a factor of 3 higher than the nearest experimental value.
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Case Study 7: OH+O −−→ HO2(ν) · −−→ O2 +H
Experimental measurements for this reaction at 298–
300 K range from 2.3–4.3×10−11 cm3s−1157–166.
This reaction proceeds through HO2, which, in its
ground vibrational state has been noted to be long-
lived253,254. Our calculations confirm that the decay of
HO2 into O2 +H is slow (< 10
−47 s−1). This suggests this
reaction proceeds through an excited vibrational state, as
is to be expected when two reactants combine to form a
single product35.
We calculate the rate coefficient of OH + 3O −−→ HO2
at 298 K at the BHandHLYP/aug-cc-pVDZ level of the-
ory to be 7.4×10−11 cm3s−1, and assume the subsequent
vibrational decay into O2 + H. Our calculated rate coef-
ficient is within a factor of 2 of the experimental range.
There are currently no experimental measurements for
the rate coefficient of OH + 1O −−→ O2 + H, which
we find also proceeds through HO2. We calculate the
rate coefficient of OH + 1O −−→ HO2 at 298 K at
the BHandHLYP/aug-cc-pVDZ level of theory to be
1.0×10−9 cm3s−1, and similarly assume the vibrational
decay into O2 + H.
Case Study 8: OH+NH −−→ products
No experiments have been performed to date on the
reaction of OH + NH. Cohen and Westberg [58] use anal-
ogous reactions to suggest rate coefficients of k(298 K)
= 3.3×10−11 cm3s−1 and 5.1×10−12 cm3s−1 for OH +
NH −−→ HNO + H and OH + NH −−→ H2O + 4N, re-
spectively. They suggest little or no barrier exists for
either pathway.
255 performed theoretical transition state theory calcu-
lations for this reaction using a range of computational
quantum methods. They calculated 298 K reaction rate
coefficients of 6.8×10−11 cm3s−1 and 1.4×10−12 cm3s−1
for OH + NH −−→ HNO + H and OH + NH −−→ H2O +
4N, respectively.
We find the OH + NH −−→ HNO + H reaction
to proceed through multiple intermediates, including
OH· · ·NH · , trans–HNOH · , and H2NO · . We calculate
the barrierless first step of this reaction OH + NH −−→
OH· · ·NH · at 298 K at the BHandHLYP/aug-cc-pVDZ
level of theory to be 7.0×10−12 cm3s−1. However, at this
level of theory, we find a large forward barrier at the third
reaction step (i.e., trans–HNOH · −−→ HNO+H), which
reduces the overall rate coefficient to 2.6×10−14 cm3s−1.
This is over three orders of magnitude smaller than the
recommended and theoretical values. Conversely, at the
B3LYP/aug-cc-pVDZ level of theory, the third forward
reaction step barrier is smaller than the reverse barrier,
which makes the barrierless first step the rate limiting
step.
We remove the barrier at the third reaction step from
our calculation to match the kinetic data and theoretical
studies, and obtain an overall rate coefficient for OH +
NH −−→ HNO + H of k(298 K) = 7.0×10−12 cm3s−1
at the BHandHLYP/aug-cc-pVDZ level of theory. This
value is a factor of 5 smaller than the suggested value58.
We calculate the rate coefficient for OH + NH −−→
H2O +
4N at 298 K at the BHandHLYP/aug-cc-pVDZ
level of theory to be 6.8×10−13 cm3s−1. This is a fac-
tor of 5 smaller than the suggested value by Cohen and
Westberg [58].
Case Study 9: O +H2CN −−→ CH2NO · −−→ products
No experiments to date have measured the rate coef-
ficient of 3O + H2CN −−→ HCN + OH. Tomeczek and
Gradon´ [256] suggested a temperature-independent rate of
8.3×10−11 cm3s−1 based on calculations using published
chemical compositions of the flames of methane, nitrogen
and oxygen at >1850 K. They note that this calculation
does not include the effects of an energy barrier, and
thus this value is not reliable at 298 K. Tomeczek and
Gradon´ [256] also suggested this same rate coefficient for
the reaction H + H2CN −−→ HCN + H2.
No previous theoretical studies regarding this reaction
have been performed.
Unlike H + H2CN −−→ HCN + H2, which we found
in previous work to proceed efficiently through a barri-
erless abstraction mechanism19, we find no abstraction
pathway for 3O + H2CN −−→ HCN + OH. Instead, we
find that 3O and H2CN efficiently react to form CH2NO ·
with a rate coefficient of 3.1×10−11 cm3s−1. This prod-
uct most commonly decays back into the original reac-
tants; However, there are two other favourable pathways.
The mechanistic model for these reactions is shown in
Figure S1.
FIG. S1. Mechanistic model for the reaction of 3O + H2CN.
Two efficient product channels on the doublet surface exist:
(A) HCN + OH and (B) HCNO + H.
Using the mechanistic model above, we use the steady-
state solutions to the kinetic rate equations to calcu-
late the overall rate coefficients for paths A and B.
This is done by equating the kinetic rate equations
for each species in the mechanistic model to zero (e.g.
d[CH2NO]/dt = 0 = k1[
3O + H2CN] + k−2[HCNOH]
- (k−1 + k2)[CH2NO]), and substituting these equations
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into the overall kinetic rate equations for products A and
B from the initial reactants. This gives us the following
rate coefficients for paths A and B:
kA =
k1k3
α
, (S6)
α =
(k−1 + k2 + k4) (k−2 + k3)
k2
− k−2. (S7)
kB =
k1k4
β
, (S8)
β = k−1 + k2 + k4 − k−2k2
k−2 + k3
. (S9)
We calculate these rate coefficients at the
BHandHLYP/aug-cc-pVDZ level of theory to be
kA = 4.0×10−14 and kB = 8.3×10−15 cm3s−1 at 298 K,
respectively.
We propose that the suggested barrierless rate coef-
ficient for 3O + H2CN −−→ HCN + OH by Tomeczek
and Gradon´ [256] is not an accurate estimate for this
overall reaction at 298 K. In fact, the large barrier for
CH2NO · −−→ HCNOH · isomerization at 298 K plays
a key role in decreasing this overall rate coefficient. We
find the isomerization barrier to also have similar heights
when using the B3LYP and CCSD computational meth-
ods.
We use similar mechanistic modeling to calculate the
rate coefficients for the reactions of 1O + H2CN −−→
CH2NO · −−→ products; However along with the two
decay pathways above, there is an additional decay path-
way to 3O + H2CN. We are the first to calculate these
three 1O + H2CN reaction rate coefficients.
At the BHandHLYP/aug-cc-pVDZ level of theory, we
calculate the rate coefficients for the reaction of 1O +
H2CN to products (A) HCN + OH, (B) HCNO + H,
and (C) 3O + H2CN, to be 1.2×10−13, 6.0×10−13, and
4.5×10−10 cm3s−1, respectively.
Given the potential importance of 1O + H2CN −−→
HCN+OH to produce HCN in atmospheres, and the sim-
ilar barrier heights to the three product channels, we also
calculated these rate coefficients at the ωB97XD/aug-cc-
pVDZ and CCSD/aug-cc-pVDZ levels of theory.
At the ωB97XD/aug-cc-pVDZ level of theory, we cal-
culate the rate coefficients for the reaction of 1O +
H2CN to products (A), (B), and (C), to be 5.3×10−11,
2.8×10−10, and 6.6×10−23 cm3s−1, respectively.
At the CCSD/aug-cc-pVDZ level of theory, we calcu-
late the rate coefficients for the reaction of 1O + H2CN to
products (A), (B), and (C), to be 8.8×10−11, 1.9×10−11,
and 2.2×10−10 cm3s−1.
In the case of BHandHLYP and CCSD, the dominant
channel for the reaction of 1O + H2CN is (C). This is not
the case for ωB97XD, where channel (C) is negligible,
and the dominant channel is (B). The rate coefficient
for the potentially important HCN source, channel (A),
varies by a factor of 733 across the three levels of theory.
Given these discrepancies, we recommend these reactions
be followed up with an experimental study.
Case Study 10: O + CH2 −−→ products
3O + 3CH2 combine to form a vibrationally excited
H2CO molecule
59. In high atmospheric pressures, this
molecule can be collisionally deexcited in the reaction
3O + 3CH2 + M −−→ H2CO + M.
However, in upper atmospheres, where collisions are
less frequent, the vibrationally excited H2CO will disso-
ciate via 2 equally favourable pathways27,28,59
3O + 3CH2 −−→ H2CO(ν) · −−→ CO + H + H
3O + 3CH2 −−→ H2CO(ν) · −−→ CO + H2
Experimental measurements of the rate coefficient of
3O + 3CH2 −−→ products at 295–296 K are 1.3×10−10
cm3s−1222,223. Reviews of this reaction over a range
of temperatures and pressures suggest a wider range of
1.9×10−11–2.0×10−10 cm3s−127,28.
We calculate the rate coefficient of 3O + 3CH2 −−→
H2CO at the BHandHLYP/aug-cc-pVDZ level of theory
to be k(298 K) = 6.7×10−11 cm3s−1, which is within the
range of suggested values, and only a factor of 2 lower
than the two experimental measurements. We allow this
reaction to proceed along the two equally favourable dis-
sociation channels, each with a calculated rate coefficient
of 3.4×10−11 cm3s−1.
Excited oxygen (1O) and methylene (1CH2) also react
to produce vibrationally excited H2CO.
We calculate the rate coefficient of 1O + 1CH2 −−→
H2CO at the BHandHLYP/aug-cc-pVDZ level of theory
to be k(298 K) = 3.3×10−10 cm3s−1. We assume that the
two dissociation pathways for vibrationally excited H2CO
are also equally favourable for this reaction, and allow
this reaction to proceed to form CO + H + H and CO +
H2 with equal rate coefficients of 1.7×10−10 cm3s−1.
Case Study 11: 1O+CH4 −−→ CH3OH(ν) −−→ OH+CH3
1O and CH4 mainly react to form vibrationally excited
CH3OH, the dominant subsequent pathway of which is
to produce OH + CH3
75,137,230–232,257,258.
Experimental measurements of 1O + CH4 −−→
OH + CH3 from 295–300 K range from 1.4–
3.8×10−1075,137,230–233.
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We calculate the rate coefficient of 1O + CH4 −−→
CH3OH at 298 K with the BHandHLYP/aug-cc-pVDZ
level of theory to be 5.8×10−9 cm3s−1, and assume the
vibrational decay into OH + CH3 as suggested. Our cal-
culated rate coefficient is a factor of 15 larger than the
nearest experimental value.
Case Study 12: 1O+H2 −−→ H2O(ν) −−→ OH+H
Experimental measurements of the rate coefficient for
1O + H2 −−→ OH + H at 298–300 K are between 1.1 and
3.0×10−10 cm3s−1137,230,234–237.
This reaction is known to proceed through vibra-
tionally excited H2O in its ground electronic state
259,260.
We calculate the rate coefficient for 1O + H2 −−→ H2O
at 298 K at the BHandHLYP/aug-cc-pVDZ level of the-
ory to be 7.1×10−10 cm3s−1, and assume vibrational de-
cay into OH + H, as suggested. This calculated value is
a factor of 2 larger than the nearest experimental value.
Quantum Chemistry Data
TABLE S5: Quantum Chemistry Simulation Data at the BHandHLYP/aug-cc-pVDZ level of theory. Cartesian coordinates
are in angstroms. Energies are in kJ mol−1. Ee is the electronic energy, ZPE is the zero point energy, and qx are the partition
functions (t: translational, e: electronic, v:vibrational, r:rotational).
Reac. Species Geometry (Atom, X, Y, Z) Ee + ZPE qt/V (m
−3) qe qv qr
1/33 CO2 O, 0.00000, 0.00000, 1.15274 -494917.399028 2.82E+32 1 1.07E+00 5.23E+02
O, 0.00000, 0.00000, -1.15274
C, 0.00000, 0.00000, 0.00000
1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
TS O, 1.15275, 1.18505, 0.00000 -691707.204162 4.49E+32 1 1.07E+00 1.26E+05
O, -1.15275, 1.18630, 0.00000
C, 0.00000, 1.18425, 0.00000
O, -0.00000, -3.25954, 0.00000
CO3 O, 0.77156, -0.80876, 0.00000 -691904.373961 4.49E+32 1 1.14E+00 2.10E+04
O, -0.00000, 1.42285, 0.00000
C, 0.00000, 0.25955, 0.00000
O, -0.77156, -0.80876, 0.00000
2 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
2N N, 0.00000, 0.00000, 0.00000 -143024.189856 5.07E+31 2 1.00E+00 1.00E+00
TS C, 0.76711, 0.41879, -0.00000 -441966.317654 2.73E+32 1 8.98E+00 3.02E+04
O, 1.58153, -0.41503, 0.00000
H, 0.96548, 1.52043, 0.00001
N, -2.60291, -0.10184, 0.00000
HCON N, -0.86610, 0.41919, 0.00000 -442240.538001 2.73E+32 1 1.13E+00 6.70E+03
C, -0.11780, -0.57337, 0.00000
H, -0.15944, -1.65573, -0.00000
O, 0.86612, 0.27020, 0.00000
3 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
CH3 C, 0.00000, -0.00018, 0.00042 -104455.380974 5.63E+31 2 1.08E+00 2.53E+02
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
TS C, 0.88372, 0.43321, -0.00001 -403228.049716 2.83E+32 1 1.10E+02 3.37E+04
O, 1.69253, -0.40737, 0.00000
H, 1.09010, 1.53196, 0.00003
C, -2.20157, -0.09394, 0.00000
H, -1.99765, -1.15406, -0.00023
H, -2.36283, 0.42288, -0.93450
H, -2.36272, 0.42250, 0.93473
CH3HCO C, 0.23234, 0.39590, 0.00000 -403547.142484 2.83E+32 1 2.04E+00 1.18E+04
O, 1.22430, -0.27597, 0.00000
H, 0.31342, 1.50005, 0.00000
C, -1.16060, -0.14740, -0.00000
H, -1.14984, -1.23540, -0.00002
H, -1.69424, 0.22607, -0.87809
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H, -1.69423, 0.22604, 0.87812
4 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
H H, 0.00000, 0.00000, 0.00000 -1307.704984 9.79E+29 2 1.00E+00 1.00E+00
TS C, -0.28186, 0.33762, 0.00000 -300077.773286 1.59E+32 1 5.26E+00 4.04E+03
O, 0.67158, -0.33299, -0.00000
H, -0.28760, 1.45702, -0.00001
H, -3.39393, -0.81883, -0.00000
H2CO C, 0.00000, -0.52451, 0.00000 -300426.644475 1.59E+32 1 1.00E+00 1.39E+03
H, 0.00000, -1.10548, -0.93804
H, 0.00000, -1.10548, 0.93804
O, 0.00000, 0.66975, 0.00000
5/32 CO C, 0.00000, 0.00000, -0.64038 -297385.023729 1.43E+32 1 1.00E+00 1.06E+02
O, 0.00000, 0.00000, 0.48029
CN N, 0.00000, 0.00000, 0.53434 -243282.319290 1.28E+32 2 1.00E+00 1.06E+02
C, 0.00000, 0.00000, -0.62339
TS C, 1.13871, 0.41518, 0.00000 -540672.179190 3.84E+32 2 2.24E+01 2.35E+04
O, 2.04295, -0.24325, 0.00000
C, -1.16088, -0.01782, 0.00000
N, -2.31580, -0.06260, 0.00000
NCCO C, 0.37853, 0.66420, 0.00000 -540810.648060 3.84E+32 2 2.11E+00 1.29E+04
O, -0.21702, 1.66650, 0.00000
C, 0.00000, -0.71311, 0.00000
N, -0.07643, -1.86265, 0.00000
6 CO C, 0.00000, 0.00000, -0.64038 -297385.023729 1.43E+32 1 1.00E+00 1.06E+02
O, 0.00000, 0.00000, 0.48029
1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
TS C, 0.00000, 0.99997, 0.00000 -494175.802924 2.82E+32 1 5.76E+00 5.40E+02
O, 0.02096, 2.12000, 0.00000
O, -0.02096, -2.86997, 0.00000
CO2 O, 0.00000, 0.00000, 1.15274 -494917.399028 2.82E+32 1 1.07E+00 5.23E+02
O, 0.00000, 0.00000, -1.15274
C, 0.00000, 0.00000, 0.00000
7 CO C, 0.00000, 0.00000, -0.64038 -297385.023729 1.43E+32 1 1.00E+00 1.06E+02
O, 0.00000, 0.00000, 0.48029
1CH2 C, 0.00000, 0.17399, 0.00000 -102649.483309 5.08E+31 1 1.00E+00 1.31E+02
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
TS C, 2.47339, -0.00000, -0.19261 -400037.72065 2.63E+32 1 2.15E+01 1.84E+04
H, 2.41166, 0.86347, 0.50078
H, 2.41166, -0.86347, 0.50078
C, -0.77250, 0.00000, 0.11035
O, -1.87858, 0.00000, -0.06351
CH2CO C, 0.00000, 1.20512, 0.00000 -400388.686988 2.63E+32 1 2.15E+01 1.84E+04
H, 0.00000, 1.73207, -0.94080
H, 0.00000, 1.73207, 0.94080
C, 0.00000, -0.10497, 0.00000
O, 0.00000, -1.25813, 0.00000
8 CO C, 0.00000, 0.00000, -0.64038 -297385.023729 1.43E+32 1 1.00E+00 1.06E+02
O, 0.00000, 0.00000, 0.48029
CH C, 0.00000, 0.00000, 0.16040 -100985.100094 4.54E+31 2 1.00E+00 1.44E+01
H, 0.00000, 0.00000, -0.96239
TS O, 1.82058, -0.05901, 0.00001 -398372.996120 2.54E+32 2 2.18E+01 1.37E+04
C, 0.71145, 0.09535, -0.00002
C, -2.71813, -0.17214, 0.00000
H, -2.52455, 0.93281, 0.00002
HCCO O, 1.18704, 0.00714, 0.00000 -398657.883874 2.54E+32 2 1.30E+00 2.38E+03
C, 0.02509, 0.03870, 0.00000
C, -1.25522, -0.13284, 0.00000
H, -2.11561, 0.50772, 0.00000
9/70 CO C, 0.00000, 0.00000, -0.64038 -297385.023729 1.43E+32 1 1.00E+00 1.06E+02
O, 0.00000, 0.00000, 0.48029
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H H, 0.00000, 0.00000, 0.00000 -1307.704984 9.79E+29 2 1.00E+00 1.00E+00
TS C, 0.11420, 0.54220, 0.00000 -298683.580276 1.51E+32 2 1.20E+00 1.41E+03
O, 0.11420, -0.58284, 0.00000
H, -1.59873, 1.40955, 0.00000
HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
10 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
H2CN C, -0.50346, 0.00000, 0.00005 -246571.579821 1.43E+32 2 1.02E+00 1.39E+03
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
TS C, -2.37784, 0.00002, 0.00000 -445348.754555 2.92E+32 1 8.34E+01 2.81E+04
N, -1.13825, -0.00003, -0.00000
H, -2.94152, 0.93860, 0.00000
H, -2.94161, -0.93850, 0.00000
O, 3.23175, 0.00002, -0.00000
H, 2.26392, -0.00008, 0.00002
H2CNOH C, 1.12891, 0.03186, 0.00000 -445534.784357 2.92E+32 1 1.26E+00 9.21E+03
N, 0.00000, -0.52723, 0.00000
H, 1.99406, -0.61679, 0.00000
H, 1.24226, 1.11291, 0.00000
O, -1.02428, 0.39277, 0.00000
H, -1.81556, -0.13885, 0.00000
11 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
CN N, 0.00000, 0.00000, 0.53434 -243282.319290 1.28E+32 2 1.00E+00 1.06E+02
C, 0.00000, 0.00000, -0.62339
TS O, 2.02443, -0.06749, 0.00004 -442062.400452 2.73E+32 1 1.94E+01 1.33E+04
H, 2.25767, 0.87068, -0.00016
C, -0.83094, -0.23012, -0.00008
N, -1.92392, 0.14999, 0.00005
HOCN O, -1.10707, -0.10788, 0.00000 -442526.105760 2.73E+32 1 1.20E+00 3.09E+03
H, -1.51638, 0.75904, 0.00000
C, 0.17972, -0.00835, 0.00000
N, 1.32780, 0.02201, 0.00000
12/37 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
TS H, 2.54691, 0.64509, 0.00001 -397549.192985 1.92E+32 1 5.74E+00 7.66E+03
O, 1.92094, -0.09102, -0.00000
O, -2.09755, 0.01948, -0.00001
H, -1.13405, -0.07280, 0.00008
H2O2 H, -0.77756, 0.90318, 0.46392 -397675.0332 1.92E+32 1 1.18E+00 1.80E+03
O, 0.00000, 0.70715, -0.05799
O, 0.00000, -0.70715, -0.05799
H, 0.77756, -0.90318, 0.46392
13/82 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
TS O, 0.05549, -1.30535, 0.00000 -395840.349553 1.83E+32 2 1.99E+00 4.59E+03
H, -0.88787, -1.51445, 0.00000
O, 0.05549, 1.49465, 0.00000
HO2 O, 0.05455, -0.59846, 0.00000 -396037.107149 1.83E+32 2 1.00E+00 1.01E+03
H, -0.87278, -0.86200, 0.00000
O , 0.05455, 0.70621, 0.00000
14/83 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
TS O, 0.05201, -1.95355, 0.00000 -395562.986482 1.83E+32 2 3.93E+00 9.64E+03
H, -0.83215, -2.34312, 0.00000
O, 0.05201, 2.24645, 0.00000
HO2 O, 0.05455, -0.59846, 0.00000 -396037.107149 1.83E+32 2 1.00E+00 1.01E+03
40
H, -0.87278, -0.86200, 0.00000
O , 0.05455, 0.70621, 0.00000
15/84 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
NH N, 0.00000, 0.00000, -0.00325 -144933.050538 5.63E+31 3 1.00E+00 1.24E+01
H, 0.00000, 0.00000, 1.03180
TS O, -2.17408, 0.00399, 0.00000 -343708.426804 1.75E+32 2 5.54E+00 1.91E+03
H, -1.20704, -0.02598, 0.00000
N, 2.19591, -0.00793, 0.00000
H, 3.22830, 0.04955, 0.00000
trans–HNOH O, 0.61481, 0.14770, 0.00000 -343946.299730 1.75E+32 2 1.03E+00 1.59E+03
H, 1.08132, -0.68683, -0.00002
N, -0.69487, -0.17685, 0.00000
H, -1.13566, 0.74315, -0.00002
16 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
CH3 C, 0.00000, -0.00018, 0.00042 -104455.380974 5.63E+31 2 1.08E+00 2.53E+02
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
TS O, 2.09354, 0.00024, -0.00019 -303228.966649 1.75E+32 1 2.25E+01 1.89E+04
C, -1.97646, -0.00054, 0.00045
H, -2.00791, 0.82878, 0.69215
H, -1.99100, -1.01453, 0.37303
H, -2.01663, 0.18355, -1.06337
H, 1.12603, 0.00353, -0.00297
CH3OH C, -0.66089, 0.02058, -0.00000 -303559.118023 1.75E+32 1 2.25E+01 1.89E+04
H, -1.08060, -0.98379, 0.00002
H, -1.01884, 0.54531, 0.89096
H, 1.14827, 0.73955, -0.00000
H, -1.01889, 0.54529, -0.89094
O, 0.74192, -0.12123, -0.00000
17 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
H H, 0.00000, 0.00000, 0.00000 -1307.704984 9.79E+29 2 1.00E+00 1.00E+00
TS O, 0.00000, 0.34111, 0.00000 -200081.985222 7.40E+31 1 2.35E+00 6.75E+02
H, 0.86325, -0.09257, 0.00000
H, -0.86325, -2.63628, 0.00000
H2O O, 0.00000, 0.00000, 0.11552 -200534.424509 7.40E+31 1 1.00E+00 8.42E+01
H, 0.00000, 0.75819, -0.46207
H, 0.00000, -0.75819, -0.46207
18/105 3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
CN N, 0.00000, 0.00000, 0.53434 -243282.319290 1.28E+32 2 1.00E+00 1.06E+02
C, 0.00000, 0.00000, -0.62339
TS N, 0.00798, 2.00597, 0.00000 -440349.175060 2.63E+32 2 5.74E+00 1.92E+03
C, 0.00000, 0.84844, 0.00000
O, -0.00698, -2.39155, 0.00000
NCO N, 0.00000, 0.00000, -1.25802 -440893.44121 2.63E+32 2 1.14E+00 5.23E+02
C, 0.00000, 0.00000, -0.03723
O, 0.00000, 0.00000, 1.12869
19 3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
TS O, 0.00000, 0.00000, 1.68500 -394132.721728 1.75E+32 1 1.00E+00 5.58E+02
O, 0.00000, 0.00000, -1.68500
O2 O, 0.00000, 0.00000, 0.59090 -394357.104834 1.75E+32 1 1.00E+00 6.87E+01
O, 0.00000, 0.00000,-0.59090
20 3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
4N N, 0.00000, 0.00000, 0.00000 -143303.088167 5.07E+31 4 1.00E+00 1.00E+00
TS O, 0.00000, 0.00000, 1.73133 -340369.447179 1.59E+32 2 1.00E+00 1.26E+03
N, 0.00000, 0.00000, -1.97867
NO N, 0.00000, 0.00000, -0.60608 -340897.750289 1.59E+32 2 1.00E+00 1.19E+02
O, 0.00000, 0.00000, 0.53032
21/110/ 3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
111 3CH2 C, 0.00000, 0.00000, 0.10395 -102701.224038 5.08E+31 3 1.01E+00 8.96E+01
41
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186
TS C, -1.75812, 0.00000, -0.10105 -299769.148387 1.59E+32 1 7.92E+00 1.11E+04
H, -1.88717, -0.99758, 0.29252
H, -1.88706, 0.99760, 0.29251
O, 1.79037, -0.00000, 0.00266
H2CO C, 0.00000, -0.52451, 0.00000 -300426.644475 1.59E+32 1 1.00E+00 1.39E+03
H, 0.00000, -1.10548, -0.93804
H, 0.00000, -1.10548, 0.93804
O, 0.00000, 0.66975, 0.00000
22/113 3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
CH C, 0.00000, 0.00000, 0.16040 -100985.100094 4.54E+31 2 1.00E+00 1.44E+01
H, 0.00000, 0.00000, -0.96239
TS C, -0.07140, 1.87828, 0.00000 -298053.759583 1.59E+32 2 2.19E+00 6.85E+03
H, 0.99963, 1.54414, 0.00000
O, -0.07140, -1.60172, 0.00000
HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
23 3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
H H, 0.00000, 0.00000, 0.00000 -1307.704984 9.79E+29 2 1.00E+00 1.00E+00
TS O, 0.00000, 0.00000, 0.40000 -198374.076468 6.78E+31 2 1.00E+00 1.51E+02
H, 0.00000, 0.00000, -3.20000
OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
24 1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
HCN N, 0.00000, 0.00000, 0.64811 -245122.398339 1.36E+32 1 1.05E+00 1.38E+02
C, 0.00000, 0.00000, -0.49567
H, 0.00000, 0.00000, -1.56273
TS N, 0.00000, -1.06045, 0.00000 -441914.02557 2.73E+32 1 8.34E+00 8.25E+02
C, 0.02645, -2.20367, 0.00000
H, 0.05117, -3.27048, 0.00000
O, -0.02623, 2.98946, 0.00000
HCNO N, 0.02185, -0.00027, 0.00000 -442327.940896 2.73E+32 1 1.36E+00 4.47E+01
C, 1.16967, -0.00244, 0.00000
H, 2.23036, 0.01076, 0.00000
O, -1.17517, 0.00072, 0.00000
25/119 1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
CN N, 0.00000, 0.00000, 0.53434 -243282.319290 1.28E+32 2 1.00E+00 1.06E+02
C, 0.00000, 0.00000, -0.62339
TS N, 0.00966, 2.10501, 0.00000 -440073.39254 2.63E+32 2 2.09E+01 2.19E+03
C, 0.00000, 0.94749, 0.00000
O, -0.00846, -2.55250, 0.00000
NCO N, 0.00000, 0.00000, -1.25802 -440893.44121 2.63E+32 2 1.14E+00 5.23E+02
C, 0.00000, 0.00000, -0.03723
O, 0.00000, 0.00000, 1.12869
26 1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
TS O, 0.00000, 0.00000, 2.04500 -393578.707096 1.75E+32 1 1.00E+00 8.22E+02
O, 0.00000, 0.00000, -2.04500
O2 O, 0.00000, 0.00000, 0.59090 -394357.104834 1.75E+32 1 1.00E+00 6.87E+01
O, 0.00000, 0.00000,-0.59090
27/120 1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
CH4 C, 0.00006, -0.00000, -0.00001 -106174.920693 6.21E+31 1 1.01E+00 4.36E+02
H, -1.07741, 0.05086, 0.15637
H, 0.23679, -0.86565, -0.61803
H, 0.33754, 0.90709, -0.50065
H, 0.50273, -0.09229, 0.96235
TS O, -0.00883, -0.00036, 0.00001 -302964.255863 1.75E+32 1 3.99E+01 1.88E+04
C, 0.00176, 0.00007, 4.10000
H, 1.08254, -0.00454, 4.23687
H, -0.46157, -0.63868, 4.85102
H, -0.37408, 1.01698, 4.20726
H, -0.24178, -0.37626, 3.10643
42
CH3OH C, -0.66089, 0.02058, -0.00000 -303559.118023 1.75E+32 1 2.25E+01 1.89E+04
H, -1.08060, -0.98379, 0.00002
H, -1.01884, 0.54531, 0.89096
H, 1.14827, 0.73955, -0.00000
H, -1.01889, 0.54529, -0.89094
O, 0.74192, -0.12123, -0.00000
28/123/ 1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
124 1CH2 C, 0.00000, 0.17399, 0.00000 -102649.483309 5.08E+31 1 1.00E+00 1.31E+02
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
TS C, -0.00000, -2.12831, 0.00000 -299440.687835 1.59E+32 1 9.50E+00 1.45E+04
H, 0.00001, -2.82181, -0.86541
H, 0.00001, -2.82181, 0.86541
O, -0.00000, 2.30169, 0.00000
H2CO C, 0.00000, -0.52451, 0.00000 -300426.644475 1.59E+32 1 1.00E+00 1.39E+03
H, 0.00000, -1.10548, -0.93804
H, 0.00000, -1.10548, 0.93804
O, 0.00000, 0.66975, 0.00000
29/125 1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
CH C, 0.00000, 0.00000, 0.16040 -100985.100094 4.54E+31 2 1.00E+00 1.44E+01
H, 0.00000, 0.00000, -0.96239
TS C, 0.00040, 2.16520, 0.00000 -297776.097205 1.59E+32 2 2.48E+00 1.64E+03
H, -0.00558, 3.28715, 0.00000
O, 0.00040, -2.03480, 0.00000
HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
30/126 1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
H2 H, 0.00000, 0.00000, 0.37683 -3031.139750 2.77E+30 1 1.00E+00 3.52E+00
H, 0.00000, 0.00000, -0.37683
TS O, -0.03050, 0.00000, -0.04133 -199821.299327 7.40E+31 1 1.69E+00 3.05E+02
H, -0.07372, 0.00000, 3.22838
H, 0.42785, 0.00000, 2.66290
H2O O, 0.00000, 0.00000, 0.11552 -200534.424509 7.40E+31 1 1.00E+00 8.42E+01
H, 0.00000, 0.75819, -0.46207
H, 0.00000, -0.75819, -0.46207
31 1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
H H, 0.00000, 0.00000, 0.00000 -1307.704984 9.79E+29 2 1.00E+00 1.00E+00
TS O, 0.00000, 0.00000, 0.40111 -198097.052086 6.78E+31 2 1.00E+00 1.52E+02
H, 0.00000, 0.00000, -3.208897
OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
34 CO2 O, 0.00000, 0.00000, 1.15274 -494917.399028 2.82E+32 1 1.07E+00 5.23E+02
O, 0.00000, 0.00000, -1.15274
C, 0.00000, 0.00000, 0.00000
2N N, 0.00000, 0.00000, 0.00000 -143024.189856 5.07E+31 2 1.00E+00 1.00E+00
TS O, -0.86912, -0.18695, 0.00000 -637970.617821 4.27E+32 2 1.55E+00 3.16E+04
O, 0.82054, 1.38960, 0.00000
C, 0.00000, 0.59496, 0.00000
N, 0.05552, -1.88442, 0.00000
35 CO2 O, 0.00000, 0.00000, 1.15274 -494917.399028 2.82E+32 1 1.07E+00 5.23E+02
O, 0.00000, 0.00000, -1.15274
C, 0.00000, 0.00000, 0.00000
1CH2 C, 0.00000, 0.17399, 0.00000 -102649.483309 5.08E+31 1 1.00E+00 1.31E+02
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
TS O, -0.18028, 0.00179, 0.13798 -597572.747704 4.27E+32 1 2.26E+00 3.51E+04
O, 0.00273, -0.00097, 2.44510
C, 1.87376, -0.00106, 0.08413
H, 1.89316, 0.87643, -0.57756
H, 1.89070, -0.87713, -0.57949
C, 0.01552, 0.00025, 1.29877
36 CO2 O, 0.00000, 0.00000, 1.15274 -494917.399028 2.82E+32 1 1.07E+00 5.23E+02
43
O, 0.00000, 0.00000, -1.15274
C, 0.00000, 0.00000, 0.00000
CH C, 0.00000, 0.00000, 0.16040 -100985.100094 4.54E+31 2 1.00E+00 1.44E+01
H, 0.00000, 0.00000, -0.96239
TS O, 0.08464, 0.17353, -0.00075 -595888.681116 4.16E+32 2 2.21E+00 2.83E+04
O, 0.14479, -0.08889, 2.30201
C, 0.30010, 0.02434, 1.16779
C, 1.97451, -0.06352, 0.21201
H, 2.20906, 0.46573, -0.72551
38 H2CO C, 0.00000, -0.52451, 0.00000 -300426.644475 1.59E+32 1 1.00E+00 1.39E+03
H, 0.00000, -1.10548, -0.93804
H, 0.00000, -1.10548, 0.93804
O, 0.00000, 0.66975, 0.00000
CN N, 0.00000, 0.00000, 0.53434 -243282.319290 1.28E+32 2 1.00E+00 1.06E+02
C, 0.00000, 0.00000, -0.62339
TS C, -1.59264, 0.42271, 0.00000 -543711.303085 4.06E+32 2 1.64E+02 6.13E+04
O, -2.43063, -0.41920, 0.00000
H, -1.82790, 1.50034, 0.00000
H, -0.50772, 0.16496, 0.00000
C, 1.79717, -0.17616, 0.00000
N, 2.93621, 0.02986, 0.00000
39 H2CO C, 0.00000, -0.52451, 0.00000 -300426.644475 1.59E+32 1 1.00E+00 1.39E+03
H, 0.00000, -1.10548, -0.93804
H, 0.00000, -1.10548, 0.93804
O, 0.00000, 0.66975, 0.00000
OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
TS C, -0.47128, 0.58564, 0.03055 -499174.684035 3.12E+32 2 2.07E+00 1.53E+04
H, -0.39530, 1.10409, 0.99025
H, -0.37939, 1.19869, -0.87035
O, -0.98079, -0.54821, -0.03120
O, 1.28145, -0.06128, -0.04899
H, 1.19707, -0.94064, 0.33831
40 H2CO C, 0.00000, -0.52451, 0.00000 -300426.644475 1.59E+32 1 1.00E+00 1.39E+03
H, 0.00000, -1.10548, -0.93804
H, 0.00000, -1.10548, 0.93804
O, 0.00000, 0.66975, 0.00000
OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
TS(H2CO· · ·HO) C, 2.18732, 0.23648, 0.00000 -499203.669555 3.12E+32 2 1.58E+02 4.45E+04
H, 2.20924, 1.33906, -0.00001
H, 3.16350, -0.27616, 0.00002
O, 1.15885, -0.37226, -0.00001
H, -2.25487, -0.16518, 0.00001
O, -3.18908, 0.08268, 0.00000
H2CO· · ·HO C, 1.50833, 0.32662, 0.00000 -499213.793483 3.12E+32 2 1.98E+01 2.63E+04
H, 1.23510, 1.39327, -0.00004
H, 2.58204, 0.08647, 0.00006
O, 0.67771, -0.53625, -0.00001
O, -2.13399, 0.13053, 0.00000
H, -1.21695, -0.19369, 0.00002
TS(H2O + HCO) C, 0.72110, 0.45885, 0.00000 -499195.617147 3.12E+32 2 8.89E+00 2.45E+04
H, 1.03115, 1.52036, 0.00000
H, -0.42319, 0.30139, -0.00001
O, 1.48873, -0.44329, 0.00000
O, -1.88081, -0.00753, 0.00000
H, -1.79788, -0.96824, 0.00000
41 H2CO C, 0.00000, -0.52451, 0.00000 -300426.644475 1.59E+32 1 1.00E+00 1.39E+03
H, 0.00000, -1.10548, -0.93804
H, 0.00000, -1.10548, 0.93804
O, 0.00000, 0.66975, 0.00000
3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
TS C, -0.59392, 0.42546, 0.00000 -497479.543088 3.02E+32 3 2.33E+00 2.04E+04
H, -0.77716, 1.51734, 0.00000
44
H, 0.60545, 0.13501, 0.00000
O, -1.43123, -0.39780, 0.00000
O, 1.89813, -0.12784, 0.00000
42 H2CO C, 0.00000, -0.52451, 0.00000 -300426.644475 1.59E+32 1 1.00E+00 1.39E+03
H, 0.00000, -1.10548, -0.93804
H, 0.00000, -1.10548, 0.93804
O, 0.00000, 0.66975, 0.00000
1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
TS C, -1.77953, 0.34320, 0.00000 -497218.371475 3.02E+32 1 3.92E+01 4.27E+04
H, -1.48268, 1.40545, 0.00000
H, -2.86259, 0.13442, -0.00000
O, -0.97089, -0.53624, 0.00000
O, 2.84870, 0.08636, 0.00000
43 H2CO C, 0.00000, -0.52451, 0.00000 -300426.644475 1.59E+32 1 1.00E+00 1.39E+03
H, 0.00000, -1.10548, -0.93804
H, 0.00000, -1.10548, 0.93804
O, 0.00000, 0.66975, 0.00000
CH3 C, 0.00000, -0.00018, 0.00042 -104455.380974 5.63E+31 2 1.08E+00 2.53E+02
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
TS C, 0.78646, 0.45348, 0.00000 -404839.859919 2.92E+32 2 2.61E+01 2.82E+04
H, 1.07291, 1.52901, 0.00000
H, -0.51355, 0.21771, 0.00000
O, 1.57243, -0.42799, 0.00000
C, -1.89866, -0.09510, 0.00000
H, -1.90272, -1.18086, -0.00001
H, -2.28144, 0.35391, 0.91205
H, -2.28144, 0.35392, -0.91204
44 H2CO C, 0.00000, -0.52451, 0.00000 -300426.644475 1.59E+32 1 1.00E+00 1.39E+03
H, 0.00000, -1.10548, -0.93804
H, 0.00000, -1.10548, 0.93804
O, 0.00000, 0.66975, 0.00000
3CH2 C, 0.00000, 0.00000, 0.10395 -102701.224038 5.08E+31 3 1.01E+00 8.96E+01
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186
TS C, 0.14050, 0.09150, 0.05065 -403114.922172 2.83E+32 3 1.19E+01 2.48E+04
O, 0.06828, -0.07800, 1.21819
H, 0.89195, -0.40846, -0.59523
C, -1.56816, 1.76660, -1.21646
H, -0.63273, 0.85440, -0.54742
H, -2.29851, 2.25059, -0.58010
H, -1.47869, 1.90289, -2.28736
45 H2CO C, 0.00000, -0.52451, 0.00000 -300426.644475 1.59E+32 1 1.00E+00 1.39E+03
H, 0.00000, -1.10548, -0.93804
H, 0.00000, -1.10548, 0.93804
O, 0.00000, 0.66975, 0.00000
1CH2 C, 0.00000, 0.17399, 0.00000 -102649.483309 5.08E+31 1 1.00E+00 1.31E+02
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
TS C, -0.68910, 0.48572, -0.08639 -403080.446732 2.83E+32 1 1.22E+01 2.60E+04
O, -1.38273, -0.46949, 0.05703
H, -0.94950, 1.48003, 0.31230
C, 2.03635, -0.06055, -0.09460
H, 0.26632, 0.44354, -0.67581
H, 1.72584, -1.10952, 0.07940
H, 1.93572, 0.39090, 0.91387
46 H2CO C, 0.00000, -0.52451, 0.00000 -300426.644475 1.59E+32 1 1.00E+00 1.39E+03
H, 0.00000, -1.10548, -0.93804
H, 0.00000, -1.10548, 0.93804
O, 0.00000, 0.66975, 0.00000
CH C, 0.00000, 0.00000, 0.16040 -100985.100094 4.54E+31 2 1.00E+00 1.44E+01
H, 0.00000, 0.00000, -0.96239
45
TS C, 1.06314, 0.52104, 0.00000 -401415.141966 2.73E+32 2 3.29E+01 4.06E+04
H, 1.80273, 1.34082, 0.00000
H, 0.00007, 0.80950, 0.00000
O, 1.40579, -0.62540, -0.00000
C, -2.65560, 0.06709, -0.00001
H, -3.49440, -0.67583, 0.00003
47 H2CO C, 0.00000, -0.52451, 0.00000 -300426.644475 1.59E+32 1 1.00E+00 1.39E+03
H, 0.00000, -1.10548, -0.93804
H, 0.00000, -1.10548, 0.93804
O, 0.00000, 0.66975, 0.00000
CH C, 0.00000, 0.00000, 0.16040 -100985.100094 4.54E+31 2 1.00E+00 1.44E+01
H, 0.00000, 0.00000, -0.96239
TS C, 1.08832, 0.24164, 0.00000 -401442.155736 2.73E+32 2 3.98E+00 1.17E+04
H, 2.10074, -0.17241, 0.00000
H, 0.95325, 1.32808, 0.00000
O, 0.13808, -0.50703, 0.00000
C, -1.57241, 0.05352, 0.00000
H, -1.25410, 1.12959, -0.00000
48 H2CO C, 0.00000, -0.52451, 0.00000 -300426.644475 1.59E+32 1 1.00E+00 1.39E+03
H, 0.00000, -1.10548, -0.93804
H, 0.00000, -1.10548, 0.93804
O, 0.00000, 0.66975, 0.00000
H H, 0.00000, 0.00000, 0.00000 -1307.704984 9.79E+29 2 1.00E+00 1.00E+00
TS C, 0.30393, 0.29916, 0.00000 -301720.745549 1.67E+32 2 1.41E+00 3.18E+03
H, 0.44476, 1.39878, 0.00000
H, 1.38940, -0.36012, 0.00000
O, -0.74353, -0.23991, 0.00000
H, 2.29052, -0.91436, 0.00000
49 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
H2CN C, -0.50346, 0.00000, 0.00005 -246571.579821 1.43E+32 2 1.02E+00 1.39E+03
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
TS C, -1.44215, -0.44322, 0.00000 -545332.454817 4.17E+32 1 4.02E+01 5.76E+04
N, -2.34396, 0.37970, -0.00000
H, -1.57250, -1.52975, 0.00000
H, -0.32410, -0.09039, 0.00000
C, 1.30754, 0.42132, 0.00000
H, 1.35232, 1.53659, 0.00000
O, 2.21995, -0.30537, -0.00000
50 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
TS(trans–C2H2O2) C, 1.44538, -0.41941, -0.00002 -597543.869830 4.27E+32 1 1.20E+02 6.31E+04
O, 2.35078, 0.31649, 0.00001
H, 1.50835, -1.53463, 0.00001
C, -1.44538, 0.41941, 0.00001
O, -2.35078, -0.31649, 0.00000
H, -1.50835, 1.53463, -0.00003
trans–C2H2O2 O, 1.70599, 0.17033, -0.00001 -597808.108026 4.27E+32 1 2.77E+00 2.48E+04
O, -1.70599, -0.17032, -0.00001
C, 0.65011, -0.38894, 0.00001
C, -0.65011, 0.38894, 0.00001
H, 0.54322, -1.48641, 0.00003
H, -0.54322, 1.48641, 0.00003
TS(anti–HCOH + CO) O, -1.89257, 0.11748, 0.00000 -597543.515387 4.27E+32 1 2.64E+00 3.37E+04
O, 1.47449, -0.48359, 0.00000
C, -0.81507, -0.24983, 0.00000
C, 1.01515, 0.66227, 0.00000
H, 0.36217, -0.99882, 0.00000
H, 1.78192, 1.45305, 0.00000
51 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
46
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
TS C, -3.21999, 0.45642, 0.00056 -597252.486589 4.27E+32 1 5.45E+03 2.47E+05
O, -3.82943, -0.53056, -0.00062
H, -3.64889, 1.50598, 0.00221
C, 3.22001, 0.45642, -0.00056
O, 3.82941, -0.53056, 0.00061
H, 3.64892, 1.50597, -0.00222
52 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
CN N, 0.00000, 0.00000, 0.53434 -243282.319290 1.28E+32 2 1.00E+00 1.06E+02
C, 0.00000, 0.00000, -0.62339
TS C, 1.92935, 0.44928, -0.00000 -542054.462932 3.95E+32 1 1.67E+02 7.95E+04
O, 2.65542, -0.45810, 0.00000
H, 2.21156, 1.53080, 0.00000
C, -2.07362, -0.09641, -0.00000
N, -3.22704, 0.00240, 0.00000
53 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
TS C, -0.92930, 0.41679, -0.00001 -497546.364688 3.02E+32 1 3.64E+01 3.32E+04
O, -1.76441, -0.39597, 0.00000
H, -1.08742, 1.52276, 0.00000
O, 2.36403, -0.00313, 0.00000
H, 1.86621, -0.83067, -0.00003
54 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
TS C, -0.91822, 0.43888, 0.00063 -495836.418546 2.92E+32 2 8.51E+00 3.46E+04
O, -1.68693, -0.43685, -0.00021
H, -1.17411, 1.52862, -0.00159
O, 2.52236, -0.08339, -0.00006
55 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
TS C, 1.11161, 0.61321, -0.00001 -495837.193069 2.92E+32 2 1.17E+01 3.30E+04
O, 1.49004, -0.48723, 0.00000
H, 0.03627, 0.94174, 0.00005
O, -2.32828, -0.09040, -0.00000
56 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
TS C, -1.12673, 0.41429, -0.00003 -495559.276017 2.92E+32 2 1.22E+01 4.52E+04
O, -1.93331, -0.42516, 0.00001
H, -1.32485, 1.51568, 0.00006
O, 2.94396, -0.07502, 0.00000
57 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
NH N, 0.00000, 0.00000, -0.00325 -144933.050538 5.63E+31 3 1.00E+00 1.24E+01
H, 0.00000, 0.00000, 1.03180
TS C, -0.54840, 0.43585, 0.00000 -443659.565616 2.83E+32 4 2.37E+00 2.00E+04
O, -1.36093, -0.41218, 0.00000
H, -0.77366, 1.52479, 0.00000
N, 2.02120, -0.14040, 0.00000
H, 0.80313, 0.14032, 0.00000
58 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
47
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
NH N, 0.00000, 0.00000, -0.00325 -144933.050538 5.63E+31 3 1.00E+00 1.24E+01
H, 0.00000, 0.00000, 1.03180
TS(CO + NH2) C, 1.00716, -0.60363, 0.00000 -443708.520689 2.83E+32 2 2.37E+01 3.02E+04
O, 1.51647, 0.44434, 0.00000
H, -0.10268, -0.79887, -0.00000
N, -2.27732, -0.01975, 0.00000
H, -2.13079, 1.00422, 0.00000
TS(HNHCO) C, 0.79683, 0.38808, -0.00001 -443705.666770 2.83E+32 2 3.91E+01 2.95E+04
O, 1.68245, -0.37024, 0.00001
H, 0.88661, 1.50171, 0.00001
N, -2.43159, 0.01415, 0.00001
H, -2.10606, -0.96738, -0.00005
59 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
4N N, 0.00000, 0.00000, 0.00000 -143303.088167 5.07E+31 4 1.00E+00 1.00E+00
TS C, -0.72905, 0.41600, 0.00000 -442073.879138 2.73E+32 3 8.67E+00 2.84E+04
O, -1.55200, -0.40943, -0.00000
H, -0.91590, 1.51955, -0.00001
N, 2.52945, -0.10573, 0.00000
60 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
4N N, 0.00000, 0.00000, 0.00000 -143303.088167 5.07E+31 4 1.00E+00 1.00E+00
TS C, -0.96022, 0.53343, -0.00000 -442073.275273 2.73E+32 3 6.16E+00 3.08E+04
O, -1.70117, -0.36597, 0.00000
H, 0.16249, 0.44888, 0.00001
N, 2.74403, -0.10310, -0.00000
61 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
2N N, 0.00000, 0.00000, 0.00000 -143024.189856 5.07E+31 2 1.00E+00 1.00E+00
TS C, -0.78848, 0.42135, 0.00001 -441966.299275 2.73E+32 3 9.33E+00 3.12E+04
O, -1.59612, -0.41902, -0.00000
H, -0.99546, 1.52140, -0.00001
N, 2.64219, -0.09962, -0.00000
62 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
2N N, 0.00000, 0.00000, 0.00000 -143024.189856 5.07E+31 2 1.00E+00 1.00E+00
TS C, -1.02091, 0.53057, 0.00000 -441965.902825 2.73E+32 3 6.31E+00 3.35E+04
O, -1.76359, -0.36744, 0.00000
H, 0.10155, 0.44424, 0.00000
N, 2.87609, -0.09831, 0.00000
63 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
CH3 C, 0.00000, -0.00018, 0.00042 -104455.380974 5.63E+31 2 1.08E+00 2.53E+02
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
TS C, -1.18076, 0.58286, 0.00000 -403229.239068 2.83E+32 1 1.63E+02 3.94E+04
O, -1.80285, -0.40268, 0.00000
H, -0.05231, 0.63844, 0.00000
C, 2.37921, -0.09594, 0.00000
H, 2.60699, 0.39621, -0.93455
H, 2.07031, -1.13118, 0.00011
H, 2.60705, 0.39639, 0.93444
64 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
48
3CH2 C, 0.00000, 0.00000, 0.10395 -102701.224038 5.08E+31 3 1.01E+00 8.96E+01
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186
TS(CH3 + CO) C, 1.18089, -0.58830, 0.00001 -401475.384064 2.73E+32 2 1.46E+02 3.90E+04
O, 1.76377, 0.42079, -0.00000
H, 0.06058, -0.69428, -0.00001
C, -2.55962, 0.07216, 0.00000
H, -3.28708, -0.72572, -0.00001
H, -2.61129, 1.15053, 0.00001
TS(CH2HCO) C, 0.88495, 0.42556, -0.00000 -401473.748377 2.73E+32 2 1.12E+02 3.36E+04
O, 1.70057, -0.40713, 0.00000
H, 1.07614, 1.52704, -0.00000
C, -2.39692, -0.07616, 0.00000
H, -2.55118, -1.14473, -0.00000
H, -3.05762, 0.77835, 0.00001
65 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
1CH2 C, 0.00000, 0.17399, 0.00000 -102649.483309 5.08E+31 1 1.00E+00 1.31E+02
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
TS C, -0.82757, 0.32128, 0.00001 -401422.503868 2.73E+32 2 8.57E+01 3.13E+04
O, -1.79760, -0.32405, 0.00001
H, -0.77593, 1.43708, -0.00008
C, 2.51354, 0.07736, -0.00003
H, 2.52039, -0.61837, -0.86354
H, 2.52045, -0.61811, 0.86370
66 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
CH C, 0.00000, 0.00000, 0.16040 -100985.100094 4.54E+31 2 1.00E+00 1.44E+01
H, 0.00000, 0.00000, -0.96239
TS C, -1.00243, 0.52281, 0.00000 -399758.934558 2.63E+32 3 2.76E+01 3.09E+04
O, -1.75206, -0.37324, 0.00000
H, 0.11410, 0.43659, -0.00002
C, 2.70696, -0.00384, -0.00000
H, 3.67526, -0.56446, 0.00001
67 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
CH C, 0.00000, 0.00000, 0.16040 -100985.100094 4.54E+31 2 1.00E+00 1.44E+01
H, 0.00000, 0.00000, -0.96239
TS C, 0.95316, -0.57236, -0.06467 -399761.111098 2.63E+32 1 2.66E+01 3.08E+04
O, 1.55803, 0.41893, 0.04383
H, -0.17127, -0.65680, -0.06725
C, -2.54630, -0.03468, 0.08692
H, -2.73409, 0.94753, -0.41695
68/69 HCO C, 0.06118, 0.57927, 0.00000 -298768.200141 1.51E+32 2 1.00E+00 7.26E+02
O, 0.06118, -0.58725, 0.00000
H, -0.85649, 1.22238, 0.00000
H H, 0.00000, 0.00000, 0.00000 -1307.704984 9.79E+29 2 1.00E+00 1.00E+00
TS(CO + H2) C, 0.10339, -0.52516, -0.00001 -300077.962322 1.59E+32 1 4.64E+00 4.25E+03
O, -0.66721, 0.34873, 0.00000
H, 1.22122, -0.40653, 0.00005
H, 3.49608, 0.76762, -0.00001
TS(H2CO) C, -0.28186, 0.33762, 0.00000 -300077.773286 1.59E+32 1 5.26E+00 4.04E+03
O, 0.67158, -0.33299, -0.00000
H, -0.28760, 1.45702, -0.00001
H, -3.39393, -0.81883, -0.00000
71 CO C, 0.00000, 0.00000, -0.64038 -297385.023729 1.43E+32 1 1.00E+00 1.06E+02
O, 0.00000, 0.00000, 0.48029
OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
TS O, 0.00000, 0.00000, 2.70789 -496160.381617 2.92E+32 2 2.35E+01 2.55E+03
49
H, 0.00000, 0.00000, 1.73998
C, 0.00000, 0.00000,-1.03211
O, 0.00000, 0.00000, -2.15130
72 H2O O, 0.00000, 0.00000, 0.11552 -200534.424509 7.40E+31 1 1.00E+00 8.42E+01
H, 0.00000, 0.75819, -0.46207
H, 0.00000, -0.75819, -0.46207
1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
TS H, -1.88062, 0.75858, 0.39238 -397326.729119 1.92E+32 1 6.89E+00 1.12E+04
O, -1.58903, -0.00000, -0.10594
H, -1.88068, -0.75855, 0.39240
O, 2.05919, -0.00000, 0.00784
73 H2O O, 0.00000, 0.00000, 0.11552 -200534.424509 7.40E+31 1 1.00E+00 8.42E+01
H, 0.00000, 0.75819, -0.46207
H, 0.00000, -0.75819, -0.46207
CN N, 0.00000, 0.00000, 0.53434 -243282.319290 1.28E+32 2 1.00E+00 1.06E+02
C, 0.00000, 0.00000, -0.62339
TS(H2OCN) O, 2.08577, 0.00000, -0.06154 -443824.893350 2.83E+32 2 9.43E+01 1.73E+04
H, 2.49878, -0.75915, 0.34133
H, 2.49878, 0.75915, 0.34133
C, -1.06261, 0.00000, -0.16237
N, -2.18687, 0.00000, 0.11198
H2OCN O, 1.54613, 0.01966, 0.06013 -443834.360904 2.83E+32 2 2.57E+01 1.35E+04
H, 1.66854, 0.07098, -0.88769
H, 1.48124, -0.91327, 0.26476
C, -0.65504, 0.35401, 0.09666
N, -1.65551, -0.20558, -0.06257
TS(OH + HCN) N, 1.75725, 0.08450, -0.04306 -443802.027871 2.83E+32 2 6.63E+00 9.16E+03
C, 0.62537, -0.11926, 0.05446
H, -0.82101, -0.40068, 0.33516
O, -1.68801, -0.04415, -0.06984
H, -1.72792, 0.87798, 0.19825
74 H2O O, 0.00000, 0.00000, 0.11552 -200534.424509 7.40E+31 1 1.00E+00 8.42E+01
H, 0.00000, 0.75819, -0.46207
H, 0.00000, -0.75819, -0.46207
2N N, 0.00000, 0.00000, 0.00000 -143024.189856 5.07E+31 2 1.00E+00 1.00E+00
TS O, 1.09981, 0.00000, -0.11558 -343579.105176 1.75E+32 2 4.61E+00 6.00E+03
H, 1.26171, 0.76121, 0.43633
H, 1.26170, -0.76122, 0.43633
N, -1.61741, 0.00000, 0.00743
75 H2O O, 0.00000, 0.00000, 0.11552 -200534.424509 7.40E+31 1 1.00E+00 8.42E+01
H, 0.00000, 0.75819, -0.46207
H, 0.00000, -0.75819, -0.46207
CH C, 0.00000, 0.00000, 0.16040 -100985.100094 4.54E+31 2 1.00E+00 1.44E+01
H, 0.00000, 0.00000, -0.96239
TS O, -0.00000, -1.50496, 0.00000 -301522.701458 1.67E+32 2 3.93E+01 9.93E+03
H, -0.00001, -2.08192, -0.75874
H, -0.00001, -2.08192, 0.75874
C, -0.00000, 2.47505, 0.00000
H, 0.00006, 1.35321, 0.00000
76/92 H2O O, 0.00000, 0.00000, 0.11552 -200534.424509 7.40E+31 1 1.00E+00 8.42E+01
H, 0.00000, 0.75819, -0.46207
H, 0.00000, -0.75819, -0.46207
CH C, 0.00000, 0.00000, 0.16040 -100985.100094 4.54E+31 2 1.00E+00 1.44E+01
H, 0.00000, 0.00000, -0.96239
TS O, -0.71798, 0.12903, -0.06268 -301498.502225 1.67E+32 2 1.32E+00 2.82E+03
H, -0.02388, -0.65891, -0.55561
H, -1.11251, -0.35890, 0.66244
C, 0.92714, -0.14736, 0.06666
H, 1.31739, 0.86979, -0.00541
OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
3CH2 C, 0.00000, 0.00000, 0.10395 -102701.224038 5.08E+31 3 1.01E+00 8.96E+01
H, 0.00000, -0.99689, -0.31186
50
H, 0.00000, 0.99689, -0.31186
77 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
HCN N, 0.00000, 0.00000, 0.64811 -245122.398339 1.36E+32 1 1.05E+00 1.38E+02
C, 0.00000, 0.00000, -0.49567
H, 0.00000, 0.00000, -1.56273
TS N, 1.18289, -0.45813, 0.00000 -443875.717780 2.83E+32 2 1.87E+00 1.34E+04
C, 0.53038, 0.50741, 0.00000
H, 0.29374, 1.55076, 0.00000
O, -1.31803, -0.04783, 0.00000
H, -1.21204, -1.00567, -0.00000
78 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
CN N, 0.00000, 0.00000, 0.53434 -243282.319290 1.28E+32 2 1.00E+00 1.06E+02
C, 0.00000, 0.00000, -0.62339
TS(HO· · ·CN) C, -2.32702, -0.06687, 0.00000 -442060.005996 2.73E+32 3 5.33E+01 1.75E+04
N, -2.73556, 0.80898, -0.00001
O, 1.05860, -0.23905, -0.00000
H, 2.14288, 0.16576, 0.00000
HO· · ·CN C, -0.57866, -0.37506, 0.00000 -442071.736730 2.73E+32 3 1.19E+01 1.16E+04
N, -1.57329, 0.21644, 0.00000
O, 1.62266, -0.02542, 0.00000
H, 1.50373, 0.93862, 0.00000
TS(3HOCN1) O, 1.31726, -0.06057, -0.11557 -442065.795223 -4.42E+05 3 1.87E+00 1.06E+04
H, 1.41697, -0.47382, 0.75883
C, -0.47337, 0.51436, 0.07208
N, -1.30212, -0.30396, -0.03811
3HOCN1 O, 1.00788, -0.18867, -0.07300 -442201.236892 2.73E+32 3 1.38E+00 6.50E+03
H, 1.59896, 0.17125, 0.59267
C, -0.15259, 0.44358, -0.05620
N, -1.24949, -0.18905, 0.04693
TS(3HOCN2) O, 1.07076, -0.23701, 0.00000 -442054.894147 2.73E+32 3 1.47E+00 6.08E+03
H, 1.04987, 0.95445, -0.00000
C, -0.10294, 0.31551, 0.00000
N, -1.28547, -0.13592, 0.00000
79 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
CN N, 0.00000, 0.00000, 0.53434 -243282.319290 1.28E+32 2 1.00E+00 1.06E+02
C, 0.00000, 0.00000, -0.62339
TS O, 1.77507, -0.07477, 0.00000 -442050.029096 2.73E+32 3 4.92E+00 5.45E+03
H, 0.93798, 0.53268, 0.00000
C, -0.54988, 0.09824, 0.00000
N, -1.69132, -0.07485, 0.00000
80 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
CN N, 0.00000, 0.00000, 0.53434 -243282.319290 1.28E+32 2 1.00E+00 1.06E+02
C, 0.00000, 0.00000, -0.62339
TS O, -1.47228, -0.16710, 0.00000 -442023.178107 2.73E+32 3 5.20E+00 1.32E+04
H, -0.76057, 0.60968, 0.00000
N, 0.63490, 0.49714, 0.00000
C, 1.34908, -0.45881, 0.00000
81 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
TS H, 1.14564, -0.83725, -0.00002 -397324.930652 1.92E+32 3 2.29E+00 6.78E+03
O, 1.44781, 0.08292, 0.00000
O, -1.44744, -0.08304, 0.00000
H, -1.14860, 0.83818, -0.00002
85 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
NH N, 0.00000, 0.00000, -0.00325 -144933.050538 5.63E+31 3 1.00E+00 1.24E+01
H, 0.00000, 0.00000, 1.03180
TS O, 0.05070, -1.15122, 0.00000 -343699.917559 1.75E+32 4 1.36E+00 3.77E+03
H, -0.90707, -1.27429, 0.00000
51
N, 0.05070, 1.44403, 0.00000
H, 0.14658, 0.37578, 0.00000
86 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
4N N, 0.00000, 0.00000, 0.00000 -143303.088167 5.07E+31 4 1.00E+00 1.00E+00
TS N, 0.00000, 0.00000, 2.12773 -342075.455071 1.67E+32 3 7.93E+00 1.40E+03
O, 0.00000, 0.00000, -1.76227
H, 0.00000, 0.00000, -0.79594
87 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
2N N, 0.00000, 0.00000, 0.00000 -143024.189856 5.07E+31 2 1.00E+00 1.00E+00
TS N, 0.00000, 0.00000, 2.47080 -341799.071312 1.67E+32 3 3.84E+00 1.87E+03
O, 0.00000, 0.00000, -2.02920
H, 0.00000, 0.00000, -1.06200
88 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
CH4 C, 0.00006, -0.00000, -0.00001 -106174.920693 6.21E+31 1 1.01E+00 4.36E+02
H, -1.07741, 0.05086, 0.15637
H, 0.23679, -0.86565, -0.61803
H, 0.33754, 0.90709, -0.50065
H, 0.50273, -0.09229, 0.96235
TS C, -1.21215, -0.01020, 0.00000 -304916.333491 1.84E+32 2 5.67E+00 8.57E+03
H, -1.46698, -0.54700, 0.90908
H, -1.46698, -0.54699, -0.90909
H, -1.55136, 1.02213, 0.00001
H, 0.02596, 0.10426, 0.00000
O, 1.28596, 0.10848, 0.00000
H, 1.44458, -0.83906, 0.00000
89/108 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
CH3 C, 0.00000, -0.00018, 0.00042 -104455.380974 5.63E+31 2 1.08E+00 2.53E+02
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
TS O, -0.00007, -0.00013, -0.00044 -303192.942164 1.75E+32 3 1.47E+00 7.34E+03
C, -0.00002, -0.00004, 2.50190
H, 1.05722, -0.00003, 2.74763
H, -0.53051, -0.90983, 2.76246
H, -0.52076, 0.92007, 2.74764
H, -0.00299, -0.00512, 1.18955
3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
CH4 C, 0.00006, -0.00000, -0.00001 -106174.920693 6.21E+31 1 1.01E+00 4.36E+02
H, -1.07741, 0.05086, 0.15637
H, 0.23679, -0.86565, -0.61803
H, 0.33754, 0.90709, -0.50065
H, 0.50273, -0.09229, 0.96235
90 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
CH3 C, 0.00000, -0.00018, 0.00042 -104455.380974 5.63E+31 2 1.08E+00 2.53E+02
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
TS O, 1.20499, 0.00000, -0.10296 -303191.306477 1.75E+32 3 3.53E+00 6.49E+03
H, 1.34393, -0.00000, 0.84773
H, -0.00448, 0.00000, -0.13864
C, -1.25104, 0.00000, 0.01772
H, -1.73656, 0.96513, 0.00413
H, -1.73656, -0.96513, 0.00413
91 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
3CH2 C, 0.00000, 0.00000, 0.10395 -102701.224038 5.08E+31 3 1.01E+00 8.96E+01
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186
52
TS C, -1.96653, -0.00000, -0.07282 -301475.536976 1.67E+32 2 1.71E+01 1.32E+04
H, -2.26898, 0.99852, 0.20670
H, -2.26889, -0.99855, 0.20669
O, 1.92265, -0.00000, 0.00728
H, 0.95586, 0.00006, -0.03469
93 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
1CH2 C, 0.00000, 0.17399, 0.00000 -102649.483309 5.08E+31 1 1.00E+00 1.31E+02
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
TS C, -2.44506, 0.00000, 0.00000 -301424.906834 1.67E+32 2 1.24E+01 1.77E+04
H, -3.13818, -0.86525, -0.00001
H, -3.13818, 0.86525, -0.00001
O, 2.43494, 0.00000, -0.00000
H, 1.46726, -0.00000, 0.00001
94 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
CH C, 0.00000, 0.00000, 0.16040 -100985.100094 4.54E+31 2 1.00E+00 1.44E+01
H, 0.00000, 0.00000, -0.96239
TS C, 0.00000, 0.00000, 2.37260 -299760.379217 1.59E+32 3 1.14E+01 1.84E+03
H, 0.00000, 0.00000, 3.49322
O, 0.00000, 0.00000, -2.07740
H, 0.00000, 0.00000, -1.10959
95/96 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
CH C, 0.00000, 0.00000, 0.16040 -100985.100094 4.54E+31 2 1.00E+00 1.44E+01
H, 0.00000, 0.00000, -0.96239
TS O, 1.29353, 0.10161, -0.00059 -299772.178214 1.59E+32 1 3.59E+00 6.81E+03
H, 1.07320, -0.83833, 0.00525
C, -1.61513, -0.15543, -0.00081
H, -1.73068, 0.95803, 0.00430
97 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
H2 H, 0.00000, 0.00000, 0.37683 -3031.139750 2.77E+30 1 1.00E+00 3.52E+00
H, 0.00000, 0.00000, -0.37683
TS O, 0.30315, -0.10744, 0.00000 -201777.115667 8.02E+31 2 1.16E+00 4.52E+02
H, 0.44412, 0.84567, 0.00000
H, -1.03684, -0.11258, 0.00000
H, -1.83251, 0.12645, 0.00000
98/115 OH O, 0.00000, 0.00000, 0.10734 -198772.724511 6.78E+31 2 1.00E+00 1.09E+01
H, 0.00000, 0.00000, -0.85876
H H, 0.00000, 0.00000, 0.00000 -1307.704984 9.79E+29 2 1.00E+00 1.00E+00
TS O, -0.00007, 0.00000, 0.00695 -200053.453913 7.40E+31 3 1.10E+00 6.56E+01
H, 0.00016, 0.00000, 1.21695
H, 0.00032, 0.00000, 2.11574
3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
H2 H, 0.00000, 0.00000, 0.37683 -3031.139750 2.77E+30 1 1.00E+00 3.52E+00
H, 0.00000, 0.00000, -0.37683
99/100/ 3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
101 H2CN C, -0.50346, 0.00000, 0.00005 -246571.579821 1.43E+32 2 1.02E+00 1.39E+03
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
TS(CH2NO) C, -1.17076, 0.51441, 0.00000 -443639.120847 2.83E+32 2 8.34E+00 3.93E+04
N, -1.43659, -0.69718, 0.00000
H, -1.96887, 1.26430, -0.00004
H, -0.13238, 0.86080, 0.00004
O, 2.39774, -0.04141, -0.00000
CH2NO C, -1.10868, 0.12008, 0.00000 -443897.716844 2.83E+32 2 1.18E+00 6.75E+03
N, 0.06743, -0.35642, 0.00000
H, -1.92868, -0.58030, 0.00000
H, -1.27043, 1.19243, 0.00000
O, 1.17239, 0.14529, 0.00000
53
TS(HCNO + H) C, -1.01152, 0.43493, 0.00000 -443628.579465 2.83E+32 2 1.99E+00 7.86E+03
N, 0.00000, -0.12833, 0.00000
H, -2.06888, 0.55214, 0.00000
H, -0.60205, 2.58631, 0.00000
O, 1.09251, -0.60621, 0.00000
HCNO N, 0.02185, -0.00027, 0.00000 -442327.940896 2.73E+32 1 1.36E+00 4.47E+01
C, 1.16967, -0.00244, 0.00000
H, 2.23036, 0.01076, 0.00000
O, -1.17517, 0.00072, 0.00000
H H, 0.00000, 0.00000, 0.00000 -1307.704984 9.79E+29 2 1.00E+00 1.00E+00
TS(HCNOH) C, 0.01434, -0.00045, 0.00190 -443625.880451 2.83E+32 2 1.16E+00 8.32E+03
N, 0.00003, 0.00007, 1.24192
H, 1.35095, 0.00005, 0.03246
H, -0.76839, -0.00108, -0.74539
O, 1.46065, 0.00063, 1.28767
HCNOH C, 1.13711, 0.29236, 0.00000 -443791.239692 2.83E+32 2 1.32E+00 7.41E+03
N, 0.15491, -0.44299, 0.00000
H, 2.17692, -0.01488, 0.00000
H, -1.07487, 1.00421, -0.00000
O, -1.12614, 0.04468, 0.00000
TS(HCN + OH) C, 0.03328, 0.00008, 0.03546 -443764.756273 2.83E+32 2 1.82E+00 9.57E+03
N, 0.00597, 0.00012, 1.22817
H, 0.70873, -0.00010, -0.80034
O, -1.48608, 0.00048, 1.88445
H, -2.05048, 0.00059, 1.10631
102/103 3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
HCN N, 0.00000, 0.00000, 0.64811 -245122.398339 1.36E+32 1 1.05E+00 1.38E+02
C, 0.00000, 0.00000, -0.49567
H, 0.00000, 0.00000, -1.56273
TS(3NCOH) N, -1.13197, 0.37849, 0.00000 -442153.408158 2.73E+32 3 1.36E+00 1.17E+04
C, 0.00000, 0.67094, 0.00000
H, 0.85045, 1.32090, 0.00000
O, 0.88417, -0.99949, 0.00000
3NCOH N, -1.20011, -0.25305, 0.00000 -442333.955917 2.73E+32 3 1.10E+00 7.47E+03
C, 0.00408, 0.38112, 0.00000
H, -0.02616, 1.48060, 0.00000
O, 1.05030, -0.24950, 0.00000
TS(NCO + H) N, -1.26179, -0.12562, 0.00000 -442173.054775 2.73E+32 3 1.15E+00 6.63E+03
C, -0.05403, 0.06003, -0.00000
H, 0.18851, 1.79314, 0.00000
O, 1.12103, -0.15925, 0.00000
NCO N, 0.00000, 0.00000, -1.25802 -440893.44121 2.63E+32 2 1.14E+00 5.23E+02
C, 0.00000, 0.00000, -0.03723
O, 0.00000, 0.00000, 1.12869
H H, 0.00000, 0.00000, 0.00000 -1307.704984 9.79E+29 2 1.00E+00 1.00E+00
104 3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
CN N, 0.00000, 0.00000, 0.53434 -243282.319290 1.28E+32 2 1.00E+00 1.06E+02
C, 0.00000, 0.00000, -0.62339
TS C, 0.00000, 0.63892, 0.00000 -440356.875652 2.63E+32 4 1.25E+00 9.58E+03
O, -1.01780, -1.05945, 0.00000
N, 1.16321, 0.66316, 0.00000
106 3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
NH N, 0.00000, 0.00000, -0.00325 -144933.050538 5.63E+31 3 1.00E+00 1.24E+01
H, 0.00000, 0.00000, 1.03180
TS N, 0.06397, 1.48451, 0.00000 -342002.972893 1.67E+32 1 2.29E+00 5.13E+03
H, -0.95957, 1.33241, 0.00000
O, 0.06397, -1.46549, 0.00000
107 3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
NH N, 0.00000, 0.00000, -0.00325 -144933.050538 5.63E+31 3 1.00E+00 1.24E+01
H, 0.00000, 0.00000, 1.03180
TS N, -0.00010, 0.00000, 0.00292 -341984.221572 1.67E+32 5 1.12E+00 5.64E+02
H, 0.00018, 0.00000, 1.13190
O, 0.00052, 0.00000, 2.48190
54
109 3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
CH3 C, 0.00000, -0.00018, 0.00042 -104455.380974 5.63E+31 2 1.08E+00 2.53E+02
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
TS C, -1.66894, -0.00071, 0.00146 -301523.504861 1.67E+32 2 9.00E+00 1.43E+04
H, -1.70398, -0.20404, -1.05871
O, 1.88105, 0.00081, -0.00165
H, -1.64859, -0.81774, 0.70751
H, -1.68219, 1.01954, 0.35561
112 3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
1CH2 C, 0.00000, 0.17399, 0.00000 -102649.483309 5.08E+31 1 1.00E+00 1.31E+02
H, 0.86403, -0.52196, 0.00000
H, -0.86403, -0.52196, 0.00000
TS C, 1.72138, 0.00000, -0.16790 -299717.767352 1.59E+32 3 4.38E+00 1.02E+04
H, 1.61465, 0.86374, 0.51996
H, 1.61465, -0.86374, 0.51996
O, -1.69470, 0.00000, -0.00406
114 3O O, 0.00000, 0.00000, 0.00000 -197065.919094 6.19E+31 3 1.00E+00 1.00E+00
CH C, 0.00000, 0.00000, 0.16040 -100985.100094 4.54E+31 2 1.00E+00 1.44E+01
H, 0.00000, 0.00000, -0.96239
TS C, 0.03805, 0.00000, 0.00739 -298053.609930 1.59E+32 4 2.20E+00 6.90E+03
H, -0.08343, 0.00000, 1.12287
O, 3.25815, 0.00000, 1.32701
116/117/ 1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
118 H2CN C, -0.50346, 0.00000, 0.00005 -246571.579821 1.43E+32 2 1.02E+00 1.39E+03
N, 0.73653, 0.00000, -0.00006
H, -1.06749, 0.93849, 0.00008
H, -1.06748, -0.93850, 0.00008
TS(CH2NO) C, -0.00026, -2.06042, 0.00000 -443364.228372 2.83E+32 2 7.58E+01 2.15E+04
N, 0.00000, -0.82063, 0.00000
H, -0.00039, -2.62401, -0.93865
H, -0.00039, -2.62401, 0.93865
O, 0.00030, 2.91937, 0.00000
CH2NO C, -1.10868, 0.12008, 0.00000 -443897.716844 2.83E+32 2 1.18E+00 6.75E+03
N, 0.06743, -0.35642, 0.00000
H, -1.92868, -0.58030, 0.00000
H, -1.27043, 1.19243, 0.00000
O, 1.17239, 0.14529, 0.00000
TS(3O + H2CN) C, -1.17076, 0.51441, 0.00000 -443639.120847 2.83E+32 2 8.34E+00 3.93E+04
N, -1.43659, -0.69718, 0.00000
H, -1.96887, 1.26430, -0.00004
H, -0.13238, 0.86080, 0.00004
O, 2.39774, -0.04141, -0.00000
TS(HCNO + H) C, -1.01152, 0.43493, 0.00000 -443628.579465 2.83E+32 2 1.99E+00 7.86E+03
N, 0.00000, -0.12833, 0.00000
H, -2.06888, 0.55214, 0.00000
H, -0.60205, 2.58631, 0.00000
O, 1.09251, -0.60621, 0.00000
TS(HCNOH) C, 0.01434, -0.00045, 0.00190 -443625.880451 2.83E+32 2 1.16E+00 8.32E+03
N, 0.00003, 0.00007, 1.24192
H, 1.35095, 0.00005, 0.03246
H, -0.76839, -0.00108, -0.74539
O, 1.46065, 0.00063, 1.28767
HCNOH C, 1.13711, 0.29236, 0.00000 -443791.239692 2.83E+32 2 1.32E+00 7.41E+03
N, 0.15491, -0.44299, 0.00000
H, 2.17692, -0.01488, 0.00000
H, -1.07487, 1.00421, -0.00000
O, -1.12614, 0.04468, 0.00000
TS(HCN + OH) C, 0.03328, 0.00008, 0.03546 -443764.756273 2.83E+32 2 1.82E+00 9.57E+03
N, 0.00597, 0.00012, 1.22817
H, 0.70873, -0.00010, -0.80034
O, -1.48608, 0.00048, 1.88445
55
H, -2.05048, 0.00059, 1.10631
121 1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
CH3 C, 0.00000, -0.00018, 0.00042 -104455.380974 5.63E+31 2 1.08E+00 2.53E+02
H, -0.93570, -0.53955, -0.00085
H, 0.93580, -0.53939, -0.00085
H, -0.00010, 1.08002, -0.00085
TS C, -1.93246, -0.00001, 0.00003 -301245.952754 1.67E+32 2 1.03E+01 1.90E+04
H, -1.94189, -0.95530, -0.50390
O, 2.17754, 0.00002, -0.00003
H, -1.94115, 0.04121, 1.07930
H, -1.94251, 0.91405, -0.57530
122 1O O, 0.00000, 0.00000, 0.00000 -196788.921964 6.19E+31 1 1.00E+00 1.00E+00
3CH2 C, 0.00000, 0.00000, 0.10395 -102701.224038 5.08E+31 3 1.01E+00 8.96E+01
H, 0.00000, -0.99689, -0.31186
H, 0.00000, 0.99689, -0.31186
TS C, -2.00426, -0.00000, -0.10318 -299491.422997 1.59E+32 3 7.05E+00 1.42E+04
H, -2.08479, 0.99757, 0.30347
H, -2.08468, -0.99758, 0.30347
O, 2.02438, 0.00000, 0.00152
